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ABSTRACT

Poly(y-benzyl-a,L-glutamate), PBLG. is a widely studied example of
polypeptides. The preparation of monodisperse samples of PBLG and
PBLG oligomer Is difficult to achieve. In this work we probe the possibility
of preparing monodisperse PBLG oligomers by polymerization of Lglutamlc acid N-carboxyanhydrlde (NOA) with different initiators such as
primary amine, sterically hindered secondary amine, tertiary amine, and
strong base. Information regarding molecular weight distribution of these
oligomers were obtained by applying MALDI-TOF mass spectrometry and
reverse phase HPLC. While some researchers reported that application of
primary amine initiator or polar solvent such as DMF could improve the
molecular weight distribution of PBLG, our research demonstrated that the
same was not true for PBLG oligomers. The preparation of monodisperse
PBLGs and PBLG oligomers will remain as a rather challenging task
because of the complication of the polymerization mechanisms.
An alternate route of preparation of highly monodisperse PBLG
oligomers, PBLG 4-,8-,12-,16-mers, via a convergent approach by solution
phase peptide synthesis is reported in this work. PBLG oligomers with
designed length could be obtained via this approach, which is impossible
by polymerization of NOAs. Modification of the side chains of the PBLG
oligomers is achieved by trimethylsilyl iodide under mild conditions. This
xi
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modification changes the solubility of the PBLG oligomers, and could be
applied for making cross-linking system.
The Macromolecular Studies Group of LSU has synthesized star
polymers with rod-like poiy(y-alkyl-a,L-glutamate) arms from the Ncarboxyanhydride (NCA) monomers and multifunctional primary amine
central units with the limitation of different length of arms. In this research
we synthesized PBLG-4-mer and PBLG-8-mer star-shaped oligomers with
different central units via convergent approach. The star oligomers were
purified by SEC and reverse-phase HPLC, and characterized by MALDITOF mass spectrometry and reverse-phase HPLC.

XII
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CHAPTER 1 LITERATURE REVIEW

1.1. Polymer Topology
Trends toward the use of synthetic polymers to replace natural
materials have created demand for new polymeric structures covering a
wider range of properties. Polymers may have considerably different
properties if they are in different architectural arrangements (topology).
Figure 1.1 shows a schematic representation of different polymer
architectures. Depending on the structural shape, polymers can be
classified as linear, branched, crosslinked polymers, and more recently,
polyrotaxanes and polycatenanes. Each class of polymers has its own
special properties.
The simplest and the most frequently studied polymeric architecture
is the linear homopolymer, in which the molecules consist of unbranched
chains of single monomers. Its physical properties in the solid state
depend on the interaction among its molecules. The magnitude of these
interactions is decided by factors such as nature of the intermolecular
bonding force, the flexibility of polymer, and the molecular weight.
When two or more different repeating units are incorporated, a
copolymer is produced. Copolymers can be classified based on the
sequence of monomeric units in the polymer. For example, in an
alternating copolymer the two different comonomer units (A and B)
1
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alternate down the polymer chain. This type of polymer tends to combine
the properties of the two monomers. Random copolymers contain
monomer units statistically distributed along the polymer chains. A random
copolymer may have properties intermediate between those of the
homopolymers when the corresponding homopolymers from the constituted
monomers are amorphous, or it may have properties completely different
from those of both of the corresponding homopolymers particularly when
the extent of crystalinity is reduced. A block copolymer is a copolymer in
which two or more different repeating units occur as relatively long
sequences or blocks joined together linearly. Usually the chemically
different sequences are mutually incompatible and hence phase separate
to form domains. This results in a material that has some properties of
each of the separate blocks.
There are several different types of branched polymers. The
branched polymer could be comb polymer when evenly spaced branches of
nearly equal length attached along the main chain. If the branching is
extensive, the polymer will have a dendritic structure (i.e., branched
branches). This kind of polymer is called dendrimer, which features
structurally a core, interior layers composed of repeating units and an
exterior of terminal functionality attached to the outermost generation. This
type of material has drawn attention from chemists from various field such

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

4
as polymer, organic, coordination and supramolecular chemistry because
of their potential applications including catalyst carriers, adhesives and
coatings, controlled release of herbicides and pesticides, cosmetics and
fragrances. Another example of branched polymer is star-shaped polymer.
Star polymers have several polymer branches radiating outward from the
same center, which may be a single atom or a chemical group. More
detailed discussion will be focused on star polymers in the following
section. In general, the presence of branching in a polymer usually affects
many polymer properties. The most significant property change is the
decease in crystallinity because it is not as easy for branched polymers to
pack into a crystal lattice as it is with linear polymers.
When polymers are prepared in which the polymer molecules are
connected to each other by a sufficient number of interchain bonds, the
polymers are said to be crosslinked. When the number of crosslinks Is
high enough, a network polymer is formed. Crosslinking can be made by
introducing crosslinks to the appropriate monomers during polymerization.
It also can be accomplished after the polymerization by various chemical
reactions. A classic example of this case is the vulcanization of rubber.
The effect of introducing crosslinks into a polymer system is that the free
volume of the polymer is reduced and the motions of the polymer chain
become more difficult, so the glass transition temperature Tg is increased.

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.
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Also, when the polymer is crosslinked the heat stability, dimension stability
and resistance to solvents are Improved.
An interpenetrating polymer network (IPN) is regarded as a polymer
blend because it is formed by polymerization of a monomer in the presence
of a preformed crosslinked polymer. In this way a mixture containing two
interpenetrating networks is formed. IPNs are insoluble and exhibit little
creep owing to the interlocking of the networks. Usually polymer
incompatibility may cause phase separation, but because of the topological
constraints imposed by the crosslinks phase separation is not very
extensive in IPNs.
In recent years a new type of polymeric structure, polyrotaxane
and polycatenane has been proposed and studied. They could be added
to the above list of polymer topologies. Polyrotaxane and polycatenane
are two component systems consisting of macrocycles penetrated by
linear species (rotaxane), or by other macrocycle species (catenane), one
of which is polymeric. Polyrotaxanes and polycatenanes are accessible
by the statistical threading approach, in which the two components need
not complement each other in any interactive sense. Also they could be
prepared by template threading approach, which involves an attractive
interaction between the two components. High degree of threading
makes it a very efficient process. The study of polyrotaxane and
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polycatenane is of great interest for their unusual properties due to the
independence of the two components. For example, polyrotaxane
systems can be compared to block copolymer and polymer blend system.
By judicious combination of macrocyclic and backbone linear polymer
components, a wide range of physical properties of practical importance
such as solubility and glass transition temperature could be achieved.
Up to date the reports about polyrotaxane and polycatenane on their
synthesis and application is limited because of the significant synthetic
challenges. Yet we may predict that the future of these types of
compounds is very promising due to their unique structures.
1.2 Star Polymers
A star polymer is a macromolecule consisting of linear polymer
chains chemically linked by one end to a central unit molecule. As the
simplest branched structure of the branched polymer family, star polymers
have been of both experimental and theoretical interest. Since polymers of
almost any architecture are composed of linear chain segments connected
by branched points, understanding of star polymers, which are the simplest
molecules that possesses both components, is the first step to the eventual
understanding of the general relationship between polymer architecture
and material properties. Furthermore, the properties of branched polymers
are quite different from those of their linear counterparts. If the variation of
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7
material properties derived from the variation of polymer architecture
becomes predictable, it can help the design and invention of new polymer
materials with new chemical identity.
In one of Flory's pioneering research works about forty years ago. ’
he demonstrated a method for the synthesis of branched chain polymers
and the formulas for the computation of the molecular weight distribution of
branched chain polymer. Compared to the rapid development of polymer
research, the study of star polymers progressed relatively slowly until
recent decades because of the difficulties in sample preparation.
Experimentally, Richter et al. have studied the relationship between
the architecture of a star polymer and its dynamic response in dilute
solution by neutron spin-echo spectroscopy (NSE).

Small-angle neutron

scattering (SANS) has been applied to study the interior structure of the
star molecule.

Because the hydrogen atom and its isotope deuterium

scatter neutrons very differently, by judicial substitution of the hydrogen by
deuterium in different sections of the star polymer a large contrast in the
scattering profiles of two star molecules could be obtained by measuring
the intensity of the scattered neutrons. For this reason small-angle neutron
scattering (SANS) is very suitable for measuring the radial variation in
molecular conformation. Also, Fetters et al. have used light scattering
methods to investigate the concentration dependence of static and
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8
dynamic properties of multiarm star poiyisoprenes in good and 0 solvents.
They found that the behavior of stars as rigid impenetrable particles is lost
in the semidilute regime. The scattering behavior mimics that of a linear
polymer at the same concentration.

Roovers et al. have studied the

changes of rheological properties of polyisoprene by branching. ®®
Theoretically, Daoud and Cotton have proposed a scaling theory to
explore the effects of internal segment density on polymer solution
behavior of star polymer.

They assumed that all chain ends were at the

same height above the interface, and they found that the segment density
profile showed a peak near the interface (star core). The scaling models
impose strong restrictions on the chain conformations. Therefore, they can
not provide insights into the internal structure of the polymer layer. " Selfconsistent field theory invented by Helfand and Wasserman^^ releases the
constraints of the scaling models, and has been applied to predict the
segment density profiles and chain end distribution of star polymer.
The researchers revealed that for polymers grafted to a sphere the free
ends are excluded from a zone near the surface. Grest et al. have
presented a simulation study of the static properties of star polymers with
molecular dynamics simulation approach.

In this approach the

monomer density profile was in agreement with the scaling theory, and the
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free ends were found to be excluded from a region near the center of the
star.
The recent Intensive study of star polymers benefited from the
progress made In recent years toward making star polymer systems. The
synthesis of well-defined star polymers was pioneered by Morton et al.
In their work monodisperse linear polystyrene was first prepared by anionic
polymerization, then the living polystyryl anion was reacted with an
electrophilic linking agent, silicon tetrachloride, to generate three and four
arm star-shaped polystyrene.
The synthesis of star-shaped polymers could be accomplished by
two approaches, namely, arm-first approach and core-first approach.
There are two different methods in arm-first approach. One of them
involves deactivation of an anionic polymer by stoichiometric reaction of
the living polymer chains with a multifunctional electrophilic linking reagent
(Figure 1.2). Morton's work is one of such examples. Also, using octa-,
dodeca- and decaocta- functional chlorosilanes as linking reagents, Fetters
has prepared well-defined star polymers with 8, 12 and 18 polystyrene
arms by this method.

“ The major advantages of this method are the

high reaction yield, the predictable functionalities and the monodispersity
of the star arms. But the arms of the star molecules have not been
functionalized at their outer end.
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Figure 1.2 Arm-first approach(A): deactivation of an anionic
polymer by multifunctional electrophilic linker

The second arm-first method involves anionic copolymerization
initiated by living precursors bearing one carbanionic end group such as
styrene with a small controlled amount of a bis-unsaturated monomer such
as divinylbenzene(DVB). By this way star-shaped block copolymers
consisting of a small densely crosslinked nucleus of polydivinylbenzene
and several pendant polystyrene chains are obtained (Figure 1.3). Several
examples of star polymers prepared by this method have been reported.
The monomers applied in this method are styrene, dienes, and rarely,
acrylic esters, in which case ethylene glycol dimethacrylate is used as the
bisunsaturated lin k e r .S in c e the formation of such tightly crosslinked
nucleus involves significant fluctuation, it is very hard to strictly control the
size of the core and therefore the number of arms linked to it. Another
drawback of this method is that there is no functionalization of the
branches at their outer end.
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Figure 1.3 Arm-first approach(B): anionic block copolymerization

In the core-first approach a multifunctional metal-organic initiator is
prepared by reacting n-butyl lithium or potassium naphthalene with
divinylbenzene, then this resulting polymeric core carrying a number of
living carbanionic groups is used subsequently to initiate the
polymerization of styrene. In this way a star polymer with very high
molecular weight could be formed. Eschwey and Burchard

invented a

route by anionically polymerizing divinylbenzene in dilute benzene solution
by n-butyl lithium, where a microgel suspension of densely cross-linked
polydivinylbenzene bearing living carbanionic groups is formed, followed
by initiating the polymerization of styrene by these multifunctional anionic
initiators to yield high molecular weight star polymers. Lutz also
synthesized star-shaped polystyrene by a similar approach with optimized
reaction conditions.

For the similar reason as we have discussed in arm-

first approach (B), a large fluctuation in the number of branches would
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result in product heterogeneity. The major advantage of the core-first
approach Is the possibility of functlonallzatlon of the star arms at their outer
end (Figure 1.4).

u

vinylic
monomers
V

X

Figure 1.4 Core-first approach; by multifunctional organometallic
initiator

While star polymers to date have been prepared primarily by living
anionic polymerization, Higashimura et al. recently have shown that star
polymers could be synthesized by living cationic polymerization.

As

shown in Figure 1.5, they used hydrogen iodide / Lewis acid initiating
system (Hl/L, Hl/Znlg, etc.)to induce living cationic polymerization of alkyl
vinyl ethers , then the living polymer(P*) of vinyl ether reacts with a small
amount of divinyl ether (1) to form a block copolymer with a short segment
of the divinyl attached to the living chain end (2). Subsequently
intermolecular reactions between pendant vinyl groups of 2 and P* or the
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living ends of 2 afford polymer linking. Finally, an intramolecular
crosslinking would condense the unreacted vinyl groups at the core
resulting in formation of a star-shaped polymer. “ This approach is very
similar to the second arm-first approach we have discussed before.
Higashimura et at. have applied this methodology to synthesize three types
(star block, heteroarm and core-functionalized) of amphiphilic star
polymers. A major advantage of this approach is that these types of star
polymers may carry functional groups in the star arms or in the star core.
In comparison to the widely reported research work on the star
polymer in the theory and synthesis aspects, reports on the practical usage
of star-shaped polymers are rare. Some research work has indicated that
compared to their linear counterparts, star polymers show great reductions
in viscosity which would result in lower processing temperatures and easier
injection molding. ^ One report claimed that in a poly (styrene-bisobutylene-b-styrene) system, the three-arm star polymer possessed much
higher tensile strength. “ Other research showed that star polymers with
alkyl arms significantly suppressed the pour point of fuel oils.
Application of star-shaped polymers in coatings, “ in improving water
resistance, adhesion and low temperature pumpability properties of grease,
33

and viscosity index of lubricating oils ^ has also been reported.
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Figure 1.5 Living cationic approach

1.3 Star-shaped Polypeptides
1.3.1 Protein and Polypeptides
Proteins, which are composed of ordered sequential polypeptide
molecules with the twenty different standard amino acid residues linked in
a precise sequence, are essential for life. Since Emil Fischer ^ initiated
the study of peptide chemistry in the beginning of this century, the research
and development of synthetic peptides has been explosive and exciting, far
beyond the imagination of the peptide scientists of early times.
While the specific and potent biological and catalytic properties of
proteins offer great potential uses in pharmaceuticals, the synthesis of the
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materials is quite complicated due to the precise sequence of amino acids
in a natural protein. Synthetic polypeptides with less complex structures
could serve as model compounds for studying protein behavior such as
secondary structures because unlike most other synthetic polymers with
little long range order, a very attractive feature about polypeptides is that
polypeptide chains fold into different ordered conformations (secondary
structure) such as a-helix, (3-sheet, or random coil in both the solid state
and solution. The behavior is mainly determined by the particular
geometry of the peptide bond and the large number of hydrogen bonds
(both intermolecular and intramolecular) in the peptide chains. An
important motivation for the study of synthetic homopolypeptide as protein
models is to learn the relationship between the conformation and the
polymer chain structure, so to gain a better understanding of the biological
activities in proteins.
1.3.2 Poly(L-glutamate)s: Application and Synthesis
As a group of classical examples of synthetic homopolypeptides
(Figure 1.6), poly(y-alkyl-a,L-glutamate)s, PALGs, and poly(y-benzyl-a,Lglutamate), PBLG, consisting of an identical monomer unit of L-glutamic
acid ester, have been extensively studied over many years.
Poly(L-glutamate)s exist in well defined chain conformations of
extensive order such as the a-helix. The a-helical conformation imparts
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Figure 1.6 PALG(A) and PBLG(B)

rod-like character to the poly(L-glutamate)s. ^ This unique property makes
them an interesting study topic on the secondary structure aspect. Also,
the ordered conformation could convert into a disordered random-coil
conformation, thus the corresponding changes of the polymer properties
could be studied. In addition, the conformation change of poly(Lglutamate)s makes them informative model for conformational changes
occurring in biopolymers. Another reason for the high popularity of poly(Lglutamate)s is that L-glutamic acid is the cheapest and most readily
available of all the optically active a-amino acids. In Eastern Asia mono
sodium L-glutamate is widely used as a food additive to enhance flavor,
and only the L-isomer, not the D-isomer, could be so used.
The most intensively studied poly(L-glutamate) is poly(y-benzyl-ct,Lglutamate), PBLG, which may have the best solubility in a large selection of
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solvents. Block summarized the research work to date on PBLG in 1983. ^
Watanabe et a i

used a series of a-helical poly(y-alkyl-a,L-glutamate)s,

PALGs, with different lengths of alkyl side chains to study the effect of side
chains on the packing structure of a-helices and related properties. He
found that if the side chains were long enough they could form a crystalline
phase composed of paraffin-like crystallites. The crystallization forced the
a-helices to pack into a layer structure, and the crystallites were
sandwiched between layers. Our research group also conducted extensive
research work on poly(L-glutamate)s such as poly(y-stearyl-a,L-glutamate),
PSLG, in the areas of synthesis, characterization and liquid crystal
properties.
People have exploited the potential commercial applications of
poly(L-glutamates) since early 1960s. The rigidity and chirality of the ahelical backbone conformation of poly(L-glutamate)s contribute most to
their practical application. Pioneered by poly(y-methyl-a,L-glutamate),
PMLG, poly(L-glutamate)s have found application as fibers and film
forming materials for use in fabrics and artificial leather.

Materials

made from PMLG fibers possess excellent water permeation, higher ironing
temperature and improved dyeability, all characteristics for good clothing
fiber. Thin films of PMLG have high strength and excellent abrasion
resistance. Also, in the medical, cosmetic and analytical chemistry areas.
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poly(L-glutamate)s have found applications in slow drug release systems, 42
low irritant and good moisture absorption additives. ^ and synthetic
membranes for ion-exchange resin. **
In 1925 Gorter and Grendel ^ noticed a monomolecular film of
macromolecules (proteins) formed on the water surface. This makes it
possible to build two and even three dimensional ordered structures at
molecular level using Langmuir-Blodgett techniques. With this technique,
polypeptides could be spread onto the air-water interface from a solvent to
form a perfectly oriented monolayers of highly anisotropic films which could
be easily transferred onto a solid support, and the helical axes of the
polypeptide chains are preferentially oriented in the dipping direction.
Wegner et al. have conducted a series of experiments to investigate the
Langmuir-Blodgett films of PALGs as ordered structures for electrical and
optical applications.
Polypeptides can be prepared by polymerization of a-amino acid Ncarboxyanhydrides (NCAs). As shown in Figure 1.7, a-amino acid NCAs
possess four reactive sites (two electrophilic and two nucleophilic centers).
The two electrophilic centers are the carbamoyl group (C-2) and the
carbonyl group (C-5). The two nucleophilic sites are the NH and the a-CH
groups, which afford highly nucleophilic amide anions and carbanions after
deprotonation, respectively. This multiplicity of reactivity sites makes the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

19
mechanisms of polymerization very complicated. In many cases the
reaction pathways of NCAs depend on the nature of the initiator.
Polymerization of NCAs can be initiated by aprotic bases such as sodium
hydride and sodium methoxide, or by a broad variety of nucleophiles such
as water, alcohols and amines.

"

n il
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/°
'

i

--------------- ^

-e N H C H C -t

+ nC 02

«
Figure 1.7 polymerization of NCAs

In the presence of primary amines or non-sterically hindered
secondary amines, NCAs polymerize according to a nucleophilic addition
mechanism (see Figure 1.8). It involves a nucleophilic attack of the
terminal amino group to the C-5 carbonyl of the NCA ring, followed by ring
opening and evolution of carbon dioxide. Since the primary and non
hindered secondary amines are more nucleophilic than the active amine
end each initiator molecule originates one polymer chain, and remains
attached to the growing peptide chain. The number-average degree of
polymerization (DP) is governed by the molar ratio of monomer to initiator.
Alternatively, the end groups of the growing chains as well as the
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unreacted initiator could deprotonate the intermediary carbamic acids so
that the carbamate intermediate could act as the nucleophile to attack the
next monomer to produce an anhydride intermediate followed by
decarboxylation to produce peptide bonds. This is known as carbamate
mechanism as shown in Figure 1.8.
If strong bases, tertiary, or sterically hindered secondary amines are
used as initiators, a proton from the nitrogen of the NCA ring will be
removed to produce an active monomer, a NCA anion. This NCA anion will
attack another NCA to form a dimer with a highly electrophilic N-acyl NCA
group at one end and a nucleophilic carbamate group at the other end,
which can propagate by the carbamate mechanism. If decarboxylation
occurs, the chain may propagate by the normal mechanism involving attack
of amino functional groups on the NCAs. Also the chain may grow via the
reaction of the dimer with another NCA anion, or condensation between the
bifunctional intermediates. Either of these processes will cause an
enhanced molecular weight relative to that predicted by the ratio of
monomer to initiator, and a broader molecular weight distribution is
obtained (Figure 1.9).
1.3.3 Star-Shaped Poly(L-glutamate)s
Regardless of the synthesis approach and the polymerization
method, most synthetic work with star polymers has been conducted by
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using polystyrene, polydienes, polymethacrylate, and polyvinyl ether arms.
23.26-28

common character of these star-shaped polymers is that all the

arms are random coils.
Compared to the fairly large volume of random-coil star polymers
synthesized there are few reports on rod-like star polymers.

Rigid arm

star polymers have the ideal microstructure for enhancing strength in
several directions in composite materials since the rod-like arms can align
in different planes if the central units are flexible. “ Poly(L-glutamate)s
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may be considered as rigid rod-like polymers in the a-helical conformation.
This property could be exploited to make rod-like star polypeptides, which
could be used as drug delivery vehicles because they can be designed to
mimic micelles, or as probe particles in the experiments designed to test
modem theories of polymer mobility in entangled systems.
As discussed in last section the primary amine initiators remain
attached to the polypeptide chain. Thus, multifunctional primary amine
central units with x amino functions yield star polymers with x polypeptide
arms. Based on this property our group has synthesized rigid rod star
polymers of poly(y-stearyl-a,L-glutamate) recently (Figure 1.10). ^ These
star polymers were prepared by using central units with multifunctional
primary amine groups to initiate the polymerization of y-stearyl-Lglutamate-N-carboxyanhydride (SLG-NCA) monomer to form a polypeptide
arm from each functional group of the initiator. This methodology could be
classified as an example of the core-first approach discussed in section 2.
Characterization based on intrinsic viscosity and light scattering
suggested that synthesized PSLGs indeed were star branched yet the
branching was not uniform, i.e., the arms were not monodisperse. While
the structure of rigid rod star polymers makes it impossible to form
cholesteric liquid crystals because of the difficulty of the alignment, a
picture of a 7.6 arm PSLG taken with crossed polarizer displayed
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Figure 1.10 Rigid arm star-shaped polypeptide

cholesteric pitches which indicated that the 7.6 arm PSLG had one arm
which was much longer than the other arms. Thus it behaved more like a
linear PSLG. which does form cholesteric order.

During the synthesis it

was found that initiator would not dissolve in common organic solvents.
Therefore, the molecular weights and the length of the arms were not
predictable because the initiator was not consumed quantitatively.
Although the addition of methanol could eliminate this phenomenon, GPC
evaluation revealed that the synthesized star PSLGs were contaminated by
linear PSLGs because methanol competed with amine initiators to form
linear PSLGs.
As a group of specialty polymers, star polypeptides have great
potential theoretical and practical applications. There are only few reports
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on rigid rod-like star polypeptides, and the monodispersity of the arms
remains problematic in all cases. “

As we can imagine star-shaped

polypeptides consistent in the amount of branching and the molecular
weight of arms are essential for correlation of observed physical properties
with theoretical expectations. So the major objective of this work is to
synthesize monodisperse star-shaped peptides. The methodology we
adopted here is an arm-first approach, i.e., highly monodisperse arms of
peptide oligomers are prepared first followed by the coupling reactions
between the central units and peptide arms. In this dissertation the
synthesis of the monodisperse oligopeptides will be described in chapter 2.
Modification of peptide is an important topic in peptide chemistry. We have
developed an efficient method to hydrolyze PBLG oligomers under mild
condition, which will also be described in Chapter 2. Detailed in Chapter 3,
synthesis work on the central units and the coupling reactions between
different central units and peptide arms is elaborated. Lastly, experimental
details will be presented.
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CHAPTER 2 SYNTHESIS AND MODIFICATION OF MONODISPERSE yBENZYL^,L-GLUTAMATE OLIGOMERS

2.1 Introduction
Star polymers consistent In the amount of branching and the
molecular weight of arms are essential for correlation of observed physical
properties with theoretical expectations. Since the star-shaped poly(ystearyl-a, L-glutamate)s prepared by core-first route did not meet the
standard, we switched to another synthesis method, i.e., arm-first
approach, where highly monodisperse oligopeptides are synthesized first,
then these peptide arms are connected to the selected central units to
make star-shaped peptides.
The first and the most important task is to synthesize monodisperse
peptide. In our synthesis work PBLG was selected to form the arm of the
star oligomer because of the good solubility of PBLG in most of the organic
solvents and the ease of BLG-NCA preparation compared to SLG-NCA.
This chapter describes the synthesis of highly monodisperse PBLG
oligomers such as PBLG-8, 12,16 mers. In Section 2 we probe the
possibility of preparing PBLG oligomers via the reactions of Ncarboxyanhydrides (NCA) of L-glutamic acid. Synthesis of monodisperse
peptide via solution phase synthesis is discussed in Section 3. Finally, the
modification of BLG oligomers is elaborated in Section 4.

26
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2.2 Attempted Synthesis of Monodisperse y-Benzyl-a,L-glutamate
Oligomers via Reactions of L-Glutamic Acid-N-cartoxyanhydrides
a-Amino acid-N-carboxyanhydrides (NCAs) have been used
extensively for the preparation of poly(a-amino acid)s since Leuchs
discovered them in the beginning of this century. The polymerization
mechanisms also have been under investigation for many years, yet some
details of the mechanism and kinetics remain unclear. Several sources
contribute to the difficulties of understanding of the polymerization
mechanisms. The first is the multiple reactivity of NCAs, as mentioned
before, a-amino acid NCAs possess four reactive sites. The second is the
low solubility of most polypeptides and oligopeptides in organic solvents.
The reactivity of the end groups and the kinetic course of the
polymerization will be affected by the precipitation of growing
oligopeptides. The third source is the conformation changes with the
growing of polypeptide chains, which could influence the rate of
propagation. Despite of these difficulties a-amino acid NCAs still draw
attention from researchers because of their important roles in peptide
chemistry. Some researchers successfully synthesized ribonuclease-S by
applying the NCA method to stepwise peptide synthesis

although

NCAs have not been utilized in stepwise peptide synthesis extensively.
The reaction pathways of NCAs are mainly determined by the nature
of the initiators. As we have discussed in the last chapter the mechanisms
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of NCA polymerization by primary and less hindered secondary amines are
different from those by tertiary amine and strong bases. To probe the
possibility of preparing monodisperse PBLG oligomers by NCA route, we
have systematically studied the polymerization of BLG-NCA induced by
various primary, secondary and tertiary amines, and different strong bases
(Table 2.1).
BLG-NCA was prepared by reacting a,L-glutamic acid y-benzyl
ester, which was synthesized from L-glutamic acid and benzyl alcohol, ^
with triphosgene according to the reaction procedure described by Daly
and Poche. ^ Since BLG-NCA could be decomposed by heat and
moisture, all the glassware were flame dried and all the solvents were dried
through distillation over drying reagents such as CaHj, Na before the
reaction. The polymerization of BLG-NCA was indicated by the
disappearance of the characteristic frequencies at 1789 cm-1 and 1857
cm-1 in IR due to the carbonyl stretching in the NCA ring (Figure 2.1).
To study the kinetics, molecular weight distribution and
monodispersity of NCAs, It is essential to understand the relationship
between the reactivity of the initiator and that of the active chain end(amino
or carbamate group). The nucleophilicity of the initiators depends on both
their basicity and the steric effect.
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Table 2.1 Conversion of BLG-NCA by different initiators in THF

Number of
reaction
PBLG-2

Initiator

Terminator

LDA

PBLG-5

LDA

t-butyl
amine
none
t-butyl
amine

PBLG-3
PBLG-10

same

PBLG-6

db

PBLG-13

same

PBLG-11
PBLG-12
PBLG-14
PBLG-20
PBLG-25
PBLG-26
PBLG-27

ob

(C H 3 )3 C N H 2

benzyl
amine
n-butyl
amine
same
same

Monomer/
initiator
(molar)
10

Reaction
time
(hrs)
3

Yield
(%)
34.8

10

72

44.4%

10

4

58.8%

CH3(CÏÎ2)3NC0
t-butyl
amine

10

48

40.8%

10

11

43.2%

CH3(CH2)3NC0

10

96

48.0%

CHaCCIthNCO

10

48

49.2%

CHa(C%)3NCO

10

96

28.2%

CH3(CH2)3NC0

10

48

45.6%

CH3(CH2)3NC0

10

7

26.5%

none

5

48

95.2%

none
none

10
10*

48
48

85.1%
93.0%

* reaction was run in DMF

Primary alkylamines and some secondary less steric hindered
amines are more nucleophilic than amino acid derivatives because the
electron-withdrawing carbonyl group reduces the electron density of the
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amino group and the amino acid side chains increases the steric
hindrance. As a result the initiation is faster than propagation and all
initiator molecules are converted to growing peptide chains. In the
absence of competing reactions it is legitimate to assume that the number
average degree of polymerization (DP) is given by
DP = [M] / [I]
in which [M] and [I] are the initial NCA and initiator concentrations,
respectively.
When n-butylamine was used as initiator (PBLG-25, 26, and 27 in
Table 2.1) the MALDI-TOF mass spectra (Fig. 2.2) revealed that the range
of degree of polymerization is relatively large. Figure 2.2 (A) shows that for
[M]/[l]=5 the periodicity of the signals (the mass difference between every
two major adjacent peaks: a-a', a’-b, b-b’ etc.) is about 110, which
corresponds to half of the monomer unit weight of benzyl glutamate
(219/2). Since this is not possible, we believe that the major peaks in the
range of 860-2000 actually are two sets of peaks (one set of peaks is
labeled as a, b, c, d, e, f...; another set is labeled as a’, b', c’, d',e', f ...). It
is also noticed that there is a small shoulder peak for each major peak with
periodicity of about 110. So totally there are four sets of different peaks.
The calculation has confirmed that one set of peaks corresponds to
oligomers of four monomer units to nine monomer units (the shoulder
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Figure 2.2 MALDI-TOF mass spectra of BLG oligomers by primary amine
initiation o f BLG-NCA. (A): DP=5; (B): DP=10.
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peaks of a. b, c, d,...), and another set corresponds to oligomers of four
monomer units to nine monomer units plus initiator (a’, b’, o', d’,...) as we
expected.
The molecular weight distribution of a polymer sample with large
degree of polymerization could be expressed by polydispersity (PD);

or

PD = MJM n=1+(Mn/Mor

(1)

PD = DPw/DPn = 1 + 1/Dp„

(2)

where Mw is the weight average molecular weight, M„ is the number
average molecular weight, Mo is the monomer unit weight, DPw is the
weight average degree of polymerization, and DPn is the average degree of
polymerization, respectively.
Based on the assumption that the number of particles corresponds
to the height of peak in the MALDI-TOF mass spectra, calculation shows
that PBLG oligomer with [M]/[l] of 5 has a polydispersity of 1.03 [based on
equation (1)] and 1.15 [based on equation (2)], which is rather
monodisperse (Figure 2.2-A). It seems that in the case of preparation of
PBLG oligomer by polymerization of NCA through primary amine initiation,
even though the molecular weight distribution is narrow, an absolutely
monodisperse sample (i.e., a sample with one single peak in MALDI-TOF
mass spectrum) is impossible to obtain because of the very low degree of
polymerization. For [M]/[l]=10 (Figure 2.2-B), the situation is similar. While
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we observed that some peptide chains incorporated initiator molecules of
n-butylamine, no initiator molecules were incorporated into peptide chains
when t-butyl amine was used as initiator. Steric hindrance may be an
important factor for this phenomenon.
Cosani et al. claimed that primary amine initiation can afford nearly
monodisperse polypeptides by NCA approach if polar aprotic solvents such
as dimethylformamide (DMF) are used.

We performed a series of

experiments to prepare PBLG oligomers with [M]/[l] of 5 and 10 in solvents
such as THF and DMF with n-butylamine as initiator. Reverse phase
HPLC showed some interesting results (Figure 2.3); i.e., for [M]/[l] of 5 and
10. the molecular weight distributions are quite similar. This also has been
proven by MALDI-TOF mass spectra (Figure 2.2). Although MALDI-TOF
mass spectrometry is not a quantitative technique, the peaks in low
molecular weight range more or less could reflect molecular weight
distribution. Based on the HPLC chromatograms of monodisperse PBLG
oligomers, we believe that the molecular weights of oligopeptides prepared
using [M]/[l] of 5, 10 are in a range of DP of 2-9. For [M]/[l] of 10,
performing reactions in different solvents would afford quite different
results. Our result showed that preparation of PBLG oligomers in DMF
afforded wider molecular weight distribution than the reaction in THF.
When tertiary amines and some sterically hindered secondary
amines are used as initiators, because they are less nucleophilic than the
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Figure 2.3 HPLC chromatograms of BLG oligomers by primary amine
initiation of BLG-NCA. HPLC chromatograms were recorded with a C-4
reverse phase column (300A). The mobile phase was H2 O/O.I % TFA (A)
and CH3CN (80%) / isopropanol (20%)/0.1% TFA (B). (A); DP=5 in THF;
(B); DP=10 in THF; (C): DP=10 in DMF.
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growing chain end due to the steric effect, so the initiation step is slower
than the propagation step. This should result in a broader molecular
weight distribution and higher DPs than predicted by [M]/[l] ratios. The
experiment results conflicted with the later part of the prediction. For
[MI/[I]=10 (Mw=2190) molecular weight distribution were observed in
600-1700 corresponding to DPs of 3-9 for secondary amines with
different degrees of steric hindrance. As expected the range of
polymerization is relatively large (Figure 2.4).
When strong base such as LDA is applied as initiator, the reaction
proceeds via activated monomer mechanism as shown in Figure 1.4.
Besides expecting enhanced molecular weight another noticeable feature
is that there is a “live” NCA ring at one end of polymer chain and an amino
group at the other when the reaction is over. If a terminator with
multifunctional amino group is applied to terminate the reaction, the
terminator should react with the NCA ring and stick to the polymer chain
and a star shaped polymer could form. t-Butyl amine was used as
terminator in the model reaction to probe the possibility of this reaction.
This was an unfortunate choice as we later observed that t-butylamine
does not add to the NCA ring.
MALDI'TOF MS result showed a rather broad molecular weight
distribution in the range of 600-3000 with dominant peaks corresponding
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to DPs of 4-7. NMR and MALDI-TOF MS results did not confirm the
addition of t-butylamine to the peptide chain due to the reaction between
the "live" NCA ring and the terminator (Figure 2.5). In an effort to identify
the free NHa termini, isocyanate was added to terminate the polymerization.
No evidence for addition of isocyanate to the peptide chain could be
determined.
Kricheldorf reported successful synthesis of different monodisperse
oligopeptides by using a coinitiator molecules, which are more electrophilic
than the NCA monomers and the resulting higher initiation rate would
produce more narrowly disperse peptides.
our group could not prove this claim.

Previous research work in

Also, BLG oligomers prepared by

primary amines, which have a higher initiation rate than propagation rate,
did not give a less broad molecular weight distribution than those prepared
from initiators such as strong base, tertiary amines and steric hindrance
amines in this research work. Since a high initiation rate did not guarantee
an improvement on the molecular weight distribution, some other factors
such as an equally high propagation rate or unknown modes of termination
may play important roles in determining molecular weight distribution.
Before the complexity of the reaction mechanisms and many uncertain
factors which may affect the reaction pathway are fully understood,
synthesis of monodisperse BLG oligomers (PBLG oligomers with narrow
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range of degree of polymerization) via NCA approach will remain as a
rather challenging task.
2.3 Solution Phase Synthesis of y-Benzyl-a.L-glutamate Oligomers
2.3.1 Peptide Synthesis
Since Curtius“ and Fischer “ synthesized the first simple peptide
derivatives, the science of peptide synthesis has developed into a
sophisticated subject. The isolation, structural determination and total
synthesis of oxytocin

and insulin®’ are examples of mankind’s tireless

effort to pursue the major goal of peptide synthesis to reproduce the work
of nature. The difficulties encountered in the synthesis stimulated a great
effort toward improvement in the methodology of peptide synthesis. Still,
the successful synthesis of biologically active peptides requires
considerable investment of time, effort and manpower. The most
formidable challenge is the need to purify all the intermediates with
unpredictable solubility during the synthesis route. This drawback is
extremely obvious in solution phase peptide synthesis.
In 1959 Merrifield astonished peptide chemists by invention of solidphase peptide synthesis. His idea involves covalent attachment of the
growing peptide chain to an insoluble polymeric support at all stages of the
synthesis, therefore after completion of each step of reaction any unwanted
by-products and unreacted starting materials could be removed by rapid
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and simple filtration and washing, leaving the protected peptide stuck on
the support without manipulative losses. He applied this methodology to
synthesized a nona-peptide hormone, bradykinin, with high yield in only
eight days. Yet he did not stop there, he then made ribonuclease, a 124
amino acid peptide, which could be used to inhibit the growth of tumors and
to treat certain chronic leukemias.

Since then Merrifield's primitive

prototype has developed into computer-controlled automatic machines.
Many important peptides become available through solid-phase peptide
synthesis. His simple and ingenious idea has revolutionized peptide
chemistry.
One of the important issues in the formation of peptide bonds is the
activation of the carboxyl group of an amino acid. The formation of an
amide bond between two amino acids requires activation of either the
carboxyl or the amino group. Activation of amino group generally is not a
viable approach in peptide synthesis; most coupling methods involve Cterminal activation. There is a dilemma that peptide chemists often
encounter when designing activating agent. They have to avoid over
activation. For example the reactivity of acid chlorides is so high that they
are sensitive to nucleophiles which are less reactive than amines such as
water, and an intramolecular reaction is highly possible. On the other hand,
they have to find coupling methods which could finish peptide formation in
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a reasonably short time; otherwise, the risk of side reactions will also
increase. While classical approaches via reactive intermediates of
carboxylic acids such as azides and acid anhydrides remain valuable tools,
another attractive approach is the use of “coupling reagents" to make
active ester prior to the formation of peptide bond. Coupling reagents are
compounds which are added to the reaction mixture where both a partially
protected peptide with a free amino group and a second partially protected
peptide with a free carboxyl group are present. Introduced by Sheehan
and Hess about forty years ago, dicyclohexylcarbodiimide (DOG) is still the
most successful coupling reagent (Figure 2.6).

Figure 2.6 Dicyclohexylcarbodiimide (DOC)

Another important issue is the protection of the amino groups and of
the carboxyl groups which were not meant to be part of the amide bond. A
peptide bond is formed by a reaction between the carboxyl group of one
amino acid or peptide with the amino group of another. Since each amino
acid consists of at least one amino group and one carboxyl group certain
functional groups of the reactants must be blocked from the formation of
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undesired peptides. Hence, the amino group must be blocked to avoid
formation of the peptide bond at this site if the carboxyl group is the desired
reaction site. On the other hand, if the bond is to be formed at the amino
group site, masking of the carboxyl group is necessary. Obviously, easily
removable protecting groups are needed for peptide synthesis. A major
breakthrough toward the solution of this problem was the discovery of the
benzyloxycarbonyl (Z) protecting group by Bergmann and Zervas in 1932.®®
This protecting group can be cleaved by strong acids in anhydrous media
through the formation of benzyl cation and the breaking of the ester bond in
urethanes. A drawback is that it is necessary to apply strong acid to
remove this protecting group, and the strong acid may damage the peptide
chains. The desire to develop protecting groups with enhanced acid
sensitivity promoted the discovery of tert-butyloxycarbonyl (Boc) group and
the biphenylisopropyloxycarbonyl (Bpoc) group, which could be removed
by less strong acids because of the formation of more stable carbocations.
More recently, 0-nitrophenylsulfenyl (Nps) groups and 9fluorenylmethyloxycarbonyl (Fmoc) groups have drawn more attention
because the former could be deprotected by nucleophiles such as thiols
and the latter could be removed by weak base (Figure 2.7).
In our synthesis the N-termlnus of the glutamate acid is throughout
protected by tert-butyloxycarbonyl (t-Boc) group because of the ease of
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Figure 2.7 Common protecting groups

removal under moderate condition. Trifluoroacetic acid, which also plays
the role of solvent (an important consideration in the synthesis of longer
peptide chain), could be applied to remove the t-Boc group through
acidolysis (Figure 2.8).

CH3
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Figure 2.8 Removal of t-Boc group by TFA acidolysis
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Carboxyl groups are protected by the formation of phenacyl (Pac)
esters. This ester is stable toward acids, even liquid HF. which is
necessary in our synthesis considering that we have to use TFA to remove
t-Boc groups. The phenacyl group can be removed either by nucleophiles
such as sodium thiophenoxide which cleaves the alkyl-oxygen bond in
phenacyl ester, or by reduction with zinc in acetic acid (Figure 2.9).

R -C -O
H

_
'— '

Zn/HOAc

R-? -0 H +
H

Figure 2.9 Deprotection of phenacyl ester blocked
carboxyl group

2.3.2 Retrosynthetic Analysis and Result
Although solid-phase peptide synthesis has been applied as the
major approach in peptide synthesis, solution phase synthesis still retains
its value in large-scale preparation.

In the process of preparation of y-

benzyl-a,L-glutamate oligomers we elected solution phase peptide
synthesis as the approach for two major reasons: 1) the PBLG oligomers
prepared are merely served as precursors for star-shaped PBLG oligomer
synthesis, so a fairly large amount of PBLG oligomers is needed. 2) each
amino acid unit in these PBLG oligomers is identical, i.e., they can be
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considered as multiples of dimer, tetramer, etc. This makes them possible
targets for solution phase synthesis via a convergent approach. In
convergent synthesis the target molecule is assembled by coupling peptide
fragments whereas monomers are added one unit each time in linear
synthesis. This reduces the total number of steps necessary to obtain a 8mer or 16-mer compared to linear synthesis approach adopted mostly in
solid phase synthesis. For example it takes nine steps to prepare PBLG-8mer and twelve steps for PBLG-16-mer in convergent approach, whereas in
linear approach fifteen steps and thirty one steps are needed, respectively.
According to Balcerski ^ PBLG forms p-sheet conformation when DP
reaches six, and a-helix could be formed at DP of eleven. To obtain
peptides with different conformations we select length of the target peptide
chain to be four, eight, twelve, and sixteen.
The PBLG oligomers were synthesized using a general methodology
developed by Pastuszak etal. with modification.

Fully protected BLG

monomer was synthesized by reacting N-t-Boc-L-glutamic acid y-benzyl
ester with phenacyl bromide. To study the effects of solvents and reaction
environment on the efficiency of carbonyl acid protection, two reactions
under different conditions were performed. One used DCM as solvent with
strict control of moisture by vacuum drying and argon flushing of the
reaction vessel; the other one used DMF as solvent without moisture
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control. The results were almost the same. TLC showed that both of the
reactions were finished in about 24 hrs, and after work up white needle-like
crystals with identical melting points (109-110 °C) were obtained with yield
of 85-90% in both cases. This indicated that this reaction was not very
sensitive to solvent and moisture. A NMR spectrum of fully protected BLG
monomer is shown In figure 2.10.
Special attention was paid in the reaction of removal of the t-Boc
protecting group from the fully protected BLG monomer. TFA was diluted
with DCM in a 3:7 ratio in a attempt to prevent possible side reactions such
as the removal of y-benzyl group. For the same reason the reaction was
carried out below zero degrees. Plasma Desorption MS (PDMS) analysis
of a clean white crystals obtained under the chosen reaction conditions
confirmed that selective t-BOC removal was achieved.
Although DOC is an effective coupling reagent, there are several
drawbacks in its application. First of all, separation of the byproduct, N.N’dicyclohexylurea (DCU), is not an easy task. Secondly, an intramolecular
rearrangement of the 0-acyl isourea derivative induced by attack on the
activated carbonyl group by the nearby nucleophile (NH) can yield a stable
N-acylurea derivative, which will not react further. (Figure 2.11).
Some drawbacks of the DCC method can be diminished by the
addition of additives. Among these, 1-hydroxybenzotriazole (HOST) is the
most commonly used. The combination of DCC and HOST has become a
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Figure 2.11 Intramolecular rearrangement of the 0-acyl isourea derivative

classical combination to promote coupling in peptide synthesis. The most
important effect of the addition of HOST is that it could turn the
overactivated intermediate, the 0-acyl isourea derivative into the less
reactive ester of 1-hydroxybenzotriazole, so the risk of side reactions is
reduced, yet it maintains sufficient reactivity to ensure satisfactory coupling
rate (Figure 2.12).
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Figure 2.12 DCC/HOBT for peptide coupling
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The formation of BLG dimer was accomplished by coupling of the Nterminal deprotected monomer with C-terminal deprotected monomer.
The coupling reagent was a combination of HOBT and DCC. The coupling
process was monitored by thin layer chromatography (TLC). It showed that
this reaction finished in 48 hours and there were at least five compounds
present in the reaction system. The yellowish reaction mixture was purified
by flash column chromatography. For a column with definite volume its
separation ability is a constant, i.e., this column can only handle certain
amount of compound mixtures to be separated. For this reason and the
limitation of laboratory resources the column separation sometimes needs
to be repeated for several times. The eluents are DCM (100%), DCM /
EtOAc (9.5: 0.5); DCM / EtOAc (1:4) sequentially. After this laborious and
time consuming process a white powder with a yield of about 65% was
obtained. Purity improvement of BLG dimer after column purification was
observed on HPLC spectra. A reasonable PDMS mass spectrum also was
obtained.
A plan for the synthesis of fully protected PBLG-16-mer based upon
convergent synthesis is shown in Figure 2.13. A tetramer is synthesized by
coupling one N-terminus deprotected dimer with another C-terminus
deprotected dimer. Treatment of the tetramer with trifluoroacetic acid
(TFA) yield the N-terminus deprotected tetramer. Reduction of the second
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portion of the tetramer with Zn in acetic acid leads to free acid. In a similar
fashion the tetramers are converted to octamer. And finally the octamers
are dimerized to PBLG-16-mer.
Again, TFA/DCM(7:3) was applied to remove the t-Boc group from
the fully protected BLG-dimer to obtain a yellow oil with a yield of 83%. A
ten-fold excess of zinc was mixed with acetic acid to react with BLG-dimer
for 64 hours to remove the phenacyl protecting group. After the reaction a
light yellow oil was obtained with 95% crude yield. BLG 4-mer was
prepared by coupling these two deprotected dimers by DCC/HOBT for two
to three days. Solvent systems of DCM (100%), DCM/EtOAc (9:1),
DCM/EtOAc (1:1) were used in flash column purification to give 61 % yield.
HPLC chromatograms showed a much purer product after column
purification (Figure 2.14), and once again a reasonable PDMS mass
spectrum was obtained.
For the synthesis of BLG 8-mer a more effective coupling agent. 1hydroxy-7-azabenzotriazole (HOAT), was employed. It is believed that the
effect of the neighboring group participation results in the enhanced
reactivity (Figure 2.15). Not only is the reactivity of HOAT greater than that
of HOBT, but it could reduce racemization. ® After flash column
purification with chloroform/ methanol (9:1) an amorphous white powder
was obtained with 50% yield.
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Figure 2.14 HPLC chromatograms of BLG-4-mer before (1 ) and after (2)
column chromatography purification. HPLC chromatograms were recorded
with a C-4 reverse phase column (300A). The mobile phase was H2 O/O.I %
TFA (A) and CH3CN (80%) / isopropanol (20%)/0.1% TFA (B).
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Formation of BLG 12-mer was accomplished by coupling of Nterminus deprotected BLG 8-mer with C-terminus deprotected BLG 4-mer
in a mixed solvent of DCM and DMF (1:1). Application of TFA/DCM (7:3) to
remove the t-Boc protecting group from the BLG 8-mer led to incomplete
reaction. Pure TFA had to be used to finish the reaction although this also
increased the chance of possible side reactions. TLC showed the
disappearance of starting materials in 72 hours. Deprotection of phenacyl
group with zinc/acetic acid was not successful after four days. After adding
10% water into the reaction system, the reaction was finished within 24
hours. The longer peptide chain and the (3-sheet conformation of BLG 8mer contributed to the harsher reaction conditions for the 8-mer.
The reaction to form 16-mer by coupling N-terminus deprotected
BLG 8-mer with C-terminus deprotected BLG 8-mer had to run in pure
DMF. This reaction was accomplished in 72 hours as indicated by TLC.
MALDI-TOF mass spectral data suggested the formation of a rather pure
BLG-16-mer (Figure 2.16).
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2.3.3 Secondary Structures of BLG Oligomers
The folded, ordered conformation, the secondary structure, of
polypeptide is an important research topic since the secondary structure of
proteins is related to their biological functions in living organisms. The
secondary structures of peptides is directed by the particular geometry of
the peptide bond, the nature of side chains, the chain length, and many
environmental factors.
Circular Dichroism (CD) measurement is the major tool applied in
evaluating the secondary structures of the peptide chain. We have taken
the CD spectra of BLG-n-mer (n=4,8,12,16) in acetonitrile to determine
what type of secondary structure is present for each. Practically,
estimates for the spectra of different conformations can be obtained by
using the measured CD of homopolypeptides in their pure conformations
known to be a-helices, p-sheets, or random coils. These generated
curves were compared with a set of basis spectra of polylysine of known
three-dimensional structure in the a-helical, p-sheet, and random coil
conformations. Optical activity in the region of the spectrum between 190
nm and 230 nm is dominated by the peptide backbone. While the random
coil shows an ellipticity maximum at 217 nm, a p-sheet exhibits an ellipticity
minimum at 208 nm. An a-helix is characterized by the double ellipticity
extremum at 209 nm and 224 nm. Figure 2.17 demonstrates that BLG 4mer is in a random coil conformation, BLG 8-mer adopts a p-sheet
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Figure 2.17 CD spectra of BLG oligomers in MeCN.
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conformation. While both BLG-12-mer and BLG-16-mer exhibit more
complex transitions normally associated with an a-helix, the strength of the
transition at 224 nm is lower for BLG 12-mer. This suggests that the BLG
12-mer is in equilibrium between an a-helix and a p-sheet. The a-helix is
the dominant conformation of the PBLG-16-mer.
2.4 Modification of y-Benzyl-a,L-glutamate Oligomers
The modification of poly(L-glutamate)s usually involves three types
of reaction on the y-ester functional groups: their conversion to poly(aglutamic acid)s, their conversion to poly(y-glutamine) derivatives, and ester
interchange reactions. These chemical modifications after the synthesis of
the precursor polymers become necessary when direct synthesis of NCA or
its conversion to polymer are problematic.
The y-amides of poly(a-glutamic acid) are obtained by amidation of
y-esters of poly(a-glutamic acid) with ammonia or suitable amines with
possible side reactions that cause reduction in molecular weight.
Amidation reactions using amino alcohols would result in water soluble
polymers and thereby provide polypeptide analogues of proteins for
configuration studies in an aqueous environment.
Transestérification reaction on PALGs with simple y-ester groups
provides an convenient alternative to prepare more complicated y-esters of
poly(a-glutamic acid). Strong acid is needed in such reactions to catalyze
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the ester interchange. Incomplete reaction is a major obstacle which can
not be overcome in this type of reaction, and the product is usually a
copolymer of starting and modified esters.
The synthesis of poly(a-glutamic acid)s could be accomplished by
hydrolysis of y-esters of poly(a-glutamic acid). The motivation of this
conversion is to prepare high molecular weight water-soluble ionic
polypeptides in order to study their physical, chemical, and biological
properties and to compare them with those of proteins. The hydrolysis
could be performed under basic condition such as ethanolic KOH, ^ or
under acidic conditions such as hydrogen bromide, hydrogen fluoride, ” or
hydrogen chloride

in a suitable solvent. While alkaline hydrolysis of y-

esters of poly(a-glutamic acid) could cause extensive racemization,
degradation of polymer has been observed in most cases under acidic
hydrolysis.^®
The mass spectroscopic method, Plasma Desorption Mass
Spectroscopy (PDMS), which we apply in characterization of the molecular
weights of the synthesized BLG oligomers and star oligomers is limited by
the maximum molecular weight observable, i.e., 5000 daltons. To utilize a
more powerful MS tool, electron spray ionization mass spectroscopy (ESI),
the BLG and their derivative samples have to be soluble in either methanol
or water. Since the drawbacks of the published methods make neither
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basic hydrolysis nor acidic hydrolysis suitable for our hydrolysis
requirement, we initiated research on new hydrolysis approaches for BLG
oligomers.
Trimethylsilyl iodide has found extensive use In organic synthesis.
One application is to cleave the carboxylic esters.

Compared to acid

hydrolysis or basic hydrolysis, trimethylsilyl iodide approach could be
performed under very mild conditions yet with high efficiency. This makes
trimethylsilyl iodide an attractive reagent for use in peptide chemistry since
esters are among the most common blocking groups used in peptide
synthesis and the reactions are carried out under neutral conditions at
room temperature. Furthermore, in trimethylsilyl iodide hydrolysis the
blocking groups such as t-butyl, benzyl, and benzyl are removed by SNz
attack of iodide on these groups without the formation of carbonium ions
(Figure 2.18). Since the formation of t-butyl or benzyl carbonium ions
during acid-catalyzed hydrolysis often leads to t-butylation or benzylation
of the aromatic species in the peptide chain, the absence of this type sidereaction during trimethylsilyl iodide hydrolysis of peptide should afford
purer products than those obtained from hydrolysis under acid conditions.
The common procedures of trimethylsilyl iodide hydrolysis of esters
involve treatment of carboxylic esters with trimethylsilyl iodide followed by
methanol quenching. Besides carboxylic esters, trimethylsilyl iodide could
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be applied to remove either a Boo or Z group from the N-terminus of a
peptide chain. “ When deblocking of N-t-Boc-L-glutamic acid y-benzyl
ester by trimethylsilyl iodide with 1.2 equivalent of trimethylsilyl iodide,
partial removal of the Boc group was observed in 30 minutes. Prolonged
reaction time did not complete removal of t-Boc group, but deblocking of
benzyl group under this condition did not occur at all. When treated with
2.4 equivalent of trimethylsilyl iodide, deblocking of t-Boc group finished in
one hour, and overnight reaction would remove benzyl group completely.
Our experiments also demonstrated that deblocking of fully protected BLG
8-mer could complete in 12 hours when treated with excess amount of
trimethylsilyl iodide, and again, the t-Boc group was removed first. The
progress of these reactions was monitored by NMR spectroscopy: t-Boc (d
-1.49) to t-butyl iodide (d-1.95), benzylic hydrogens (d~5.1) to benzylic
iodide (d-4.4). These two by-products gave very sharp NMR peaks, which
made the identification easy (Figure 2.19). The deblocking product.
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L-glutamic acid oligomers, could dissolve in water, but not in methanol,
ethanol, and acetonitrile.
Approach to the synthesis of PBLG oligomers with different length
has been described. Although more difficulties in the synthesis and
purification process are encountered compared to NCA approach, much
more monodisperse single arms could be obtained in the solution phase
peptide synthesis approach. The coupling of these arms to functionalized
central core will be discussed in the following chapter.
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CHAPTER 3 SYNTHESIS OF STAR-SHAPED y-BENZYL-a,LGLUTAMATE OLIGOMERS
3.1 Introduction
As we have discussed in the previous chapter, polypeptides
usually embrace different ordered conformations in different conditions in
both the solid state and solution. This makes polypetides good models
for proteins to investigate the relationship between conformation and
polymer chain structure, and biological activity in proteins. To carry out
this kind of research, sometimes it is necessary to prepare unique
molecular architectures based on polypeptides.
Goodman et a!.

have synthesized the shortest polypeptide chain

ever to form a collagen-like triple helix by anchoring three repeating units
of the tripeptide sequence glycine-proline-hydroxyproline (Gly-Pro-Hyp)
to a rigid cyclohexane template (see Figure 3.1). Repeating Gly-Pro-Hyp
sequence is characteristic of the naturally occurring collagens. This
molecule could serve as a model for studying triple-helix folding in
collagen.
By a similar template-assembling approach Fields et al. have
synthesized triple-helical polypeptides incorporating native collagen
sequences via solid-phase synthesis. In their synthesis three peptide
chains are C-terminal linked through one N“ -amino and two N®-amino
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Figure 3.1 Coiiagen-like triple helix peptide

groups of Lys, while repeating Gly-Pro-Hyp triplets Induces triple helicity.®^
In our research on star-shaped rod polypeptides, by Incorporating
peptide chains into different central units with unique structures we
anticipate to probe the potential applications of this type of polymers such
as the interlamellar “glue" in bidirectional films made from rod-like
polymers, drug delivery vehicles, and probe particles in various
experiments designed to test modern theories of polymer mobility in
entangled systems.
Steric hindrance in the coupling reactions between the peptide
chains with the central units plays a more important role than in the peptide
chain preparation described in Chapter 2. Therefore, highly efficient
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coupling methods are required for successful coupling reactions. Recently,
1-hydroxy-7-azabenzotriazole (HOAT) as well as its uronium salt derivative
(HATU) have been studied intensively and identified to be superior in
peptide coupling. ®

Carpino’s research also revealed that uronium salt

is preferred to carbodiimide/active ester method (Figure 3.2). “ Also, the
by-products in the HATU approach are easy to remove since they dissolve
in water while in DCC/active ester coupling approach the clean-up of
byproduct (DCÜ) is not that easy.
In this chapter several different central units such as calix[4]arene
derivatives, tris(2-aminoethyl)amine, and a 1, 3, 5-benzenetricarboxylic
acid derivative have been tested in an effort to prepare star-shaped
peptides. Because of the advantages described above for most synthesis
work in this chapter we apply HATU as the major coupling tool to prepare
star-shaped peptides. Active ester and acid anhydride approaches also
have been tested.
3.2 Attempted synthesis of fluorescent center units
Initially, we tried to prepare fluorescent central units which could be
used as initiators to synthesize polypeptide, or to couple to short peptide
chain. Thus, the prepared star polypeptides (or oligomers) containing a
fluorescent center can be used to study the diffusion of the polymer
through a solution of polymer matrix by a technique known as
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Figure 3.2 HATU coupling mechanism

fluorescence photobleaching recovery (FPR).
The first fluorescent central unit we attempted to synthesize was 1.
3, 6, 8-tetraaminopyrene through nitration of pyrene followed by reduction
(Figure 3.3).
Our experiments showed that the descriptions in the cited literature
were not reliable. Because the nitration reaction by concentrated nitric
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Figure 3.3 Attempted synthesis of central unit from pyrene

acid gave off tremendous amount of heat, the temperature control caused a
problem. Besides, it is highly possible to obtain a mixture of mono-, di-, tri-,
and tetra-substltuted products rather than a pure tetrasubstitute product
since the substitution of nitro groups onto the pyrene ring would greatly
retard further nitration of the pyrene ring. The MS data did not confirm the
formation of tetrasubstituted product.
Another fluorescent central unit we tried to synthesize was a
tetraamino derivative from 3, 4, 9 , 10-perylenetetracarboxylic dianhydride
via a tetraester (Figure 3.4).

The biggest problem encountered during

synthesis was the solubility of the starting material. Also, no ester was
ever recovered from the reaction system.
3.3 Synthesis of Star-shaped BLG Oligomers with Caiixarene
Derivative Central Units
Calixarenes are cyclic oligomers obtained from the condensation
reaction between formaldehyde and p-alkylphenols. Calixarenes are
readily available through one-pot synthesis (Figure 3.5),

stepwise
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Figure 3.4 Attempted synthesis of central units from perylene

synthesis,

or fragment condensation.

The reaction conditions such as

temperature and basicity of the reaction media determine whether four, six,
or eight phenol units are joined together by methylene bridges to yield
tetramers, hexamers, or octamers.

CH;
+ n CH,o

*

+ n H2 O

Figure 3.5 one-pot synthesis of caiixarene
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The calixarenes and their modified derivatives have great potential
applications both in industry and in laboratory. Most of the potential
applications of calixarenes and their derivatives are related to their metal
ion sequestering properties since calixarenes form a series of well
defined cyclic oligomers and the variation of the cavity size based on the
requirements of different guests are available. The selective
complexation of metal cations by calixarenes and their derivatives has
been exploited in the recovery of cesium and uranium from nuclear waste
materials;

and in the preparation of ion selective electrodes. ^ Also

they have been used as phase transfer agents, ^ accelerators for instant
adhesives, ^ and as a stationary phase in gas-solid chromatography to
separate organic molecules.
3.3.1 Synthesis of Caiixarene Derivative Central Units
Chemical modification of calixarenes can be performed in two ways;
1) by introduction of functional groups at the phenolic hydroxy group; 2) by
electrophilic substitution in the p-position with respect to the phenolic
hydroxy group. Since there are several possibilities for functional group
modification at the phenolic groups of the calixarenes, we have developed
an attractive approach for the synthesis of caiixarene derivative central
units which is based on the modification of the phenolic hydroxy group by
0-acylation (Figure 3.6).

R eproduced with permission of the copyright owner. Further reproduction prohibited without permission.

71
,

Ç (C H 3 )3

,

Ç(CH3>3

ao^oocï^cHj
DM F/NaH

OH

OCH2 OO2 C2H5

n = 4 (a)
= 6

(b )

n

I

(CHsh

n

+

(Œ

3 )» N '0

ïr

re flu x in g ^

THF

m

+

V i

DCC

HO—N

d iy e th y l acetate

IV
Figure 3.6 Synthesis of caiixarene derivative central units

Tetraethyl p-tert-butylcalix[4]arene tetraacetate (H a) and hexaethyl
p-tert-butylcalix[6]arene hexaacetate (n b) were synthesized according to
Amaud-Neu et al.

with several modifications. Anhydrous DMF was

selected as solvent after dry acetone and THF were tested. Fresh ethyl
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bromoacetate and NaH were added to the reaction mixture intermittently.
Purification of the crude dark brown oil by flash column chromatography on
silica gel eluting with dichloromethane-isopropyl alcohol did not give as
satisfactory result as was described in the literature. ^ After repeated
attempts,

n a and n b were recrystallized from ethanol

in the form of off-

white crystals.
The completion of the reaction was monitored by UV spectroscopy.
Any free phenolic OH groups give strong absorption at 308 nm, whereas
the phenolic esters show a characteristic double peak around 270-280 nm.
As we can see from Figure 3.7 with the addition of more NaH and fresh
ethyl bromoacetate the peak of phenolic OH absorption at 308 nm
becomes smaller and smaller until it vanished.
Calix[4]arenes exist in the cone conformation both in solid and in
solution. Since larger substituents on the phenolic groups can not pass
through the macrocyclic ring, the alkylation of the hydroxyl groups is going
to freeze the 0-alkyl and 0-acyl derivatives into a cone, partial cone, or 1,
3-altemate conformations. While some researchers suggested these
molecules adopted 1, 3-alternate conformation, “ Amaud-Neu et al.
determined these tetramer derivatives possessed the cone conformation.
Our research supported this point of view based on a pair of doublets for
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the nonequivalent methylene protons

(H c )o f

compound

na

in the

NMR

spectrum (Figure 3.8).
Compound

n b exhibited greater flexibility due to the

larger ring

size. The disappearance of the pair of doublets in the NMR spectrum
suggested the difficulty of conformational analysis by NMR method, and
the broaden peaks may suggest a mixture of conformations.
The research on N-hydroxysuccinimide esters was promoted by the
need for better methods to synthesize peptides. Most of these esters are
crystalline compounds and very reactive both in nonaqueous and in
aqueous solutions to form peptide bonds. Quantitative hydrolysis of the
esters by tétraméthylammonium hydroxide yielded the corresponding
calixaryl acids; their formations was confirmed by PDMS data. The
synthesis of N-hydroxysuccinimide esters of tetraethyl p-tertbutylcalix[4]arene tetraacid and tetraethyl p-tert-butylcalix[6]arene tetraacid
was easy except a longer reaction time was required than that reported.
While IV b could be purified by recrystalization with ethanol, attempts to
recrystalize IV a were not successful. An alternative route of washing IV a
with ethanol afforded white powder with reasonable purity as was
confirmed by PDMS and proton NMR.
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3.3.2 Coupling Raction between PBLG-4-mer and the Caiixarene
Derivative Central Unit
Indication at this point in the research was that we have succeeded
in synthesizing i n a, H I b, IV a, and IV b Since the hexamer derivatives
are in a mixture of conformations and 0-acyl derivatives of the p-tertbutylcalix[4]arene possess cone conformation at ordinary temperature
among these compounds we chose III a and IV a to synthesize star BLG
oligomers. This makes it possible to prepare a squid-shaped peptide
assembly with four peptide chains aligned (Figure 3.9).
To probe if steric hindrance on the “lower rims of the cone” would
interfere with the formation of peptide bond, model reactions were run to
couple the N-hydroxysuccinimide ester of tetraethyl p-tertbutylcalix[4]arene tetraacid (IV a) with L-alanine ethyl ester, and tetraethyl
p-tert-butylcalix[4]arene tetraacid (III a) with L-alanine ethyl ester through
coupling reagent HATU (Figure 3.10).
HPLC chromatogram revealed that the coupling reaction via active
succinimide ester route would afford more byproducts or impurities. The
reaction of III in the presence of HATU coupling reagent was much cleaner.
After purification compound V was obtained with a yield of 17% and 59%,
respectively. MALDI-TOF MS confirmed the formation of the four arm-one
amino acid-star molecule V (found: M+Na*:1298.98; calculated: M+Na*:
1300; see Figure 3.11).
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( A)

------

©— m

( B)

Figure 3.9 Cone conformation of 0-acyl derivatives of
calix[4]arene (A); squid-shaped peptides (B).

Since HATU would give a better coupling result, HATU was applied
as coupling reagent in the coupling reaction of BLG-4-mer and tetraethyl ptert-butylcalix[4]arene tetraacid (III a) to synthesize the star-shaped BLG-4mer (Figure 3.12). Great care had been taken to avoid moisture in the
reaction medium. To guarantee a better coupling result, excess amount of
N-terminus deprotected BLG-4-mer was applied in the coupling reaction.
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Figure 3.10 Coupling reactions of calix[4]arene ester with L-alanine
ethyl ester hydrochloride

HPLC results showed that at least four new materials were formed
after two hours. Since steric hindrance in this coupling reaction played a
more important role compared to the coupling to alanine, coupling products
with less than four arms were expected to be formed. MALDI-TOF MS
spectrum demonstrated new compounds formed with molecular weights in
the range of -1900, -2900, -3900, and -4900 corresponding to one arm,
two arm, three and four arm stars. However, the four arm star is the
dominant product. The MS peaks around 5700 (Figure 3.13) indicated a
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Figure 3.12 Formation of the four-arm-star-shaped BLG-4-mer
based on caiix[4]arene derivative

further complication in the coupling reaction. When TFA was applied to
remove the t-BOC protecting group, it might also remove some y-benzyl
groups, so when the star peptide formed the star arms with missing ybenzyl groups could couple to the excess N-terminus deprotected 4-mer to
form 3-arm/4-mer and 1-arm/8-mer stars.
3.4 Synthesis of Star-shaped BLG Oligomers with Triamine Derivative
Central Unit
When star-shaped peptide is prepared through arm-first approach,
pre-prepared peptide arms are connected to the central unit. Therefore it
is necessary to remove either the N-terminus protecting group or the Cterminus protecting group from the peptides for coupling. In our synthesis
work the N-terminus is deprotected by TFA and the C-terminus is
deprotected by Zn/acetic acid. Since TFA could cause bigger problem
than Zn/acetic because of the by-products from the deprotection of y-benzy
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groups, we prefer to use C-terminus deprotected BLGs to couple to amino
group containing central units. For this reason tris(2-aminoethyl)amine is
elected as the central unit (Figure 3.14).

P
Œ2
H2^

NH2

Figure 3.14 tris(2-aminoethyl)amine

A HPLC chromatogram showed that a coupling reaction between
BLG-monomer and tris(2-aminoethyl) amine via HATU gave one major
product and two minor products(1: 0.25). Coupling through Nhydroxysuccinimide ester of BLG-dimer with tris(2-aminoethyl)amine
yielded many products. HATU proved to be a better coupling route, since a
less complex product mixture was produced.
3.4.1 Direct Coupling Approach
In the coupling reaction of BLG-tetramer and the triamine central
unit by HATU (Figure 3.15), different bases and conditions were tested in
case these factors may affect the formation of tri-arm star molecule (Table
3.1).
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Figure 3.15 Coupling reaction of tris{2-aminoethyl)amine with BLGtetramer

Table 3.1 Coupling reaction of BLG-4-mer and central unit under
different molar ratios
trimer;
arm

core

HATU

base

dimer

XE-104

4

1

4*

4

XE-116

4

1

8*

6

6.86

XE-137

3.2

1

6.6**

3.3

1.75

XE-139A 4

1

8**

4

2.10

XE-139B

4

1

8**

8

1.96

XE-143

5

1

20*

15

2.09

* Triethylamine was used in the coupling reaction.
**Diisopropylethyl amine was used in the coupling reaction.

HPLC was applied to monitor these reactions (Figure 3.16). (n our
specific HPLC condition, three-arm star molecule has a retention time at
about 33.5 minute, two-arm star showed up at retention time of about 30
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minutes. There was no correlation between the yield of triarm star and
the factors such as the base used in the reaction, and the ratios among
the BLG-4-mer, triamine central unit, the base, and HATU. The coupling
reaction usually finished in several hours. Continuous addition of
coupling reagent would not change the yield of triarm star. XE-116 gave
the best result, but the attempts to repeat this reaction were never
successful. The formation of three-arm star and two arm star has been
confirmed by FAB MS.
3.4.2 Convergent Coupling Approach
BLG-8-mer was coupled to the triamine central unit by the same way
as BLG-4-mer under different conditions (Table 3.2). None of the
conditions employed lead to the clean formation of a 8-mer star. HPLC
results showed the formation of several products. One reason for the
unsatisfactory coupling results may be steric hindrance, which is a bigger
factor for BLG-8-mer than that of BLG-4-mer. The reactivity of the Cterminus maybe limited by the tendency of the 8-mer to assume a p-sheet
conformation. Also, the C-terminus deprotected 8-mer arm contained more
by-products than the deprotected 4-mer.
Since the direct coupling of BLG-8-mer to central unit was not
successful, another method, the convergent approach, was tested. In this
approach the t-Boc protecting groups were removed by TFA from the
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Table 3.2 Coupling reaction of BLG-8-mer and central unit under
different molar ratios
arm

core

base

HATU

XE-121

4

1

12

6

XE-123

4

1

24

6

XE-124

4

1

12

6

XE-138

3.2

1

12

6

XE-142

5

1

20

15

3-arm tetramer star we had prepared, then the N-terminus deprotected 3arm tetramer star coupled with three equivalents of C-terminus deprotected
BLG-4-mer to yield 3-arm 8-mer star-shaped molecule (Figure 3.17).
By this approach we could avoid the synthesis difficulties derived
from the steric hindrance. But the drawback also is obvious: since the 4mer star has to be treated with TFA in the first step, losing of y-benzyl
group is inevitable, which would result in different impurities depending on
to what extent the y-benzyl groups lost. Therefore in the following coupling
reaction even though the arms are pure there might still be many impurities
because of the impurities existed in the “core”. In Figure 3.18 the retention
time for three-arm 8-mer star is around 37 minute. Comparing the two
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Figure 3.17 Convergent approach to synthesize star-shaped BLG-8-mer

HPLC spectra, convergent approach still is better than directly coupling
approach, which demonstrated that steric hindrance Is the main reason for
the poor directly coupling result.
In convergent approach besides the formation of three 8-mer arm it
is also possible to form two 8-mer/one 4-mer arm and one 8-mer/two 4-mer
arm because of the incompletion of the coupling reaction (Figure 3.19).
The formation of all these molecules has been confirmed by the MALDITOF MS spectrum (Figure 3.20).
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Figure 3.18 HPLC chromatograms of BLG-8-mer star based on tris(2aminoethyl)amine central unit. (A): directly coupling: (B): stepwise
coupling. HPLC chromatogram was recorded with a C-4 reverse phase
column (300A). The mobile phase was H2O/0.1% TFA (A) and CH3CN
(80%) / isopropanol (20%)/0.1% TFA (8).
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Figure 3.19 Possible products by convergent approach from the
formation of three arm 8-mer star

3.5 Attempted Synthesis of Star Peptide via Acid Anhydride
Approach
Peptide bond formation through mixed anhydrides gained its
popularity in early 1950’s. In the presence of triethylamine, a rapid
reaction between protected amino acid or peptide and alkyl (or benzyl)
chlorocarbonate yields a mixed anhydride, which further reacts with an
amino acid or a peptide ester to afford the corresponding peptide. An
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important advantage is that the by-products formed in this reaction , carbon
dioxide and an alcohol, are readily removed and the peptide could be
isolated with a high purity.
We have tried to apply this approach to synthesize star-shaped
peptide. 1, 3, 5-benzenetricarboxylic acid was treated with
benzylchloroformate in the presence of TEA in DMF. A model reaction by
adding n-butylamine formed an 3-arm amide with a central unit of 1,3, 5benzentricarboxylic acid derivative together with several by-products. But
a similar coupling reaction with N-deprotected BLG-4-mer did not afford
star-shaped peptide as expected (Figure 3.21 )

|)Bd
TFA.NH-4-<3u4-OPac
O

pEM

HjNCHiCHjCHiCHj

NHCTVaiiCHjai
Ac

CHji

Figure 3.21 Attempted synthesis of star peptide by anhydride approach
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3.6 Purification of Star Oligomers
Because of solubility limitation of the synthesized star peptides,
separation of these molecules by HPLC on preparative scale or by ion
exchange chromatography were not possible. Size exclusion
chromatography (SEC) was applied to purify the three-arm 4-mer and 8mer star molecules. Size exclusion chromatography is a molecule
separation technique based on size and shape of the eluate. The gel
media inside the SEC column consists of spherical beads containing pores
with specific size distribution. When a mixture of molecules of different
sizes pass through the column, separation occurs because the molecules
are either included or excluded from the pores within the gel matrix. Small
molecules diffuse into the gel pores and their flow through the column is
delayed, while the large molecules do not enter the pores and are rapidly
eluted in the column's void volume.
Although this separation method has been widely used in polymer
characterization and in polymer molecular weight determination, its
application in low molecular weight molecules is less common. In our
separation, bio-beads S -X1 beads from Bio-Rad Company were selected
as packing material. These beads are neutral, porous styrene
divinylbenzene beads suitable for size exclusion chromatography of low
molecular weight polymers requiring organic eluants for solubility. The
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bead size was 40-80 urn with exclusion limits ranging from 600 to 14,000
daltons. The beads were compatible with DMF in which the synthesized
star peptides dissolve. Thus DMF was elected as eluant. These beads
were packed in a 1.5 x 70 cm column with extreme care since the packing
would affect the separation result. Thirty fractions were collected in 2 ml
vials, and analyzed in HPLC.
The purification result of three-arm BLG-4-mer is listed in table 3.3
and Figure 3.22. Unseparated three-arm BLG-4-mer showed three groups
of peaks with retention time of 32.8 minute for three-arm star, 29.7 minute
for two-arm star, and around 25 minute for one-arm star, 4-mer arm and
other impurities. Since the ratio of the peak areas represents the ratio of
the amount of compounds present in the sample, the overall separation
result was not satisfactory. Two-arm star appeared in fraction 2 in a
unneglectable amount all the way to the end, so pure 3-arm-4-mer star was
isolated only in fraction 1. It could be observed that the separation result of
monomer or one-arm star was a little better since they did not emerge until
fraction 5. while the exclusive volume of one-arm star should be smaller
than those of two-arm and three-arm star, the exclusive volume of two-arm
star and of three arm star should be similar. Since the SEC separation is
based on size this made the separation of two-arm and three-arm stars
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Table 3.3 the ratios among 3-arm 4-mer star, 2-arm star, pure
arm and other impurities after SEC separation

before
separation
fraction #1

3-arm : 2-arm :
others
1 : 0.85 : 0.52
1 : 0.06 : 0.03

fraction #2

1 : 0.26 ; —

fraction #3

1 ; 0.66 : —

fraction #4

1 : 0.87 ; 0.02

fraction #5

1 : 0.86 : 0.21

fraction #6

1 : 0.83 : 0.51

fraction #7

Ï : 6.93 : 6.91

fraction #8

1 : 1.16:2.04

fraction #9

1 : 1.48:12.79

fraction #10

1 : 0.32 : 28.41

fraction #11

1 : 1.6:2.22

rather difficult, and the separation of one-arm star from the two- or threearm star a little easier.
The purification of star-shaped BLG-8-mer through SEC was more
complicated due to the limitation of synthesis method. Figure 3.23 shows
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that there are six major peak areas with retention time of 25, 29, 32, 34,35
and 37 minutes; the peak around 37 minutes corresponds to 3-arm 8-mer
star. From Figure 3.23 it could be observed that in SEC separation no
pure 3-arm 8-mer star was isolated although fraction 1 was relatively
pure.
The isolation of pure forms of 3-arm 4-mer and 3-arm 8-mer was not
very successful, although some impurities did get separated from the
systems. The limitation of the SEC method contributed most to the
inefficient isolation since it is not a very sensitive method, and the
molecules needed to be separated were fairly small. Also, changes of flow
rate were observed once the molecules needed to be separated were
introduced into the SEC system. Furthermore, minor column cracking was
noticed in isolation of 3-arm 8-mer star. All these factors would contribute
the low efficiency of SEC separation.
Isolation of three-arm 8-mer star through analytical HPLC was
relatively more successful despite of the low yield. Since the solubility of
the star-shaped peptide in acetonitrile was very poor only small amount of
peptide solution (in DMF) was injected each time. After repeating this
process and concentrating the collected portions, HPLC result showed a
much purer peak with good MALDI-TOF mass spectral data (Figure 3.24).
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3.7 Summary
Although poly(y-benzyl-a,L-glutamate), PBLG, is a well-studied
polypeptide, the preparation of monodisperse samples of PBLGs and
PBLG oligomers is difficult to achieve. Perhaps the biggest contribution of
this work is the synthesis of the highly monodisperse PBLG oligomers, i.e.,
PBLG-4, 8 , 12, 16-mers, by using a convergent approach for the solution
phase synthesis. One deficiency of this synthesis method is the redundant
synthesis and purification procedures.
Another major research focus of this project is to probe the possibility
of preparation of star-shaped PBLG-oligomers. PBLG-4-mer and PBLG-8 mer stars were prepared with different central units via convergent
approach. The incomplete coupling due to steric hindrance and the
purification of product are the limitations of this method. A way to solve
this problem would be to find larger central units with less steric hindrance
and more efficient coupling reagents.
In this work, we also studied the mechanisms of polymerization of Lglutamic acid N-carboxyanhydride. With the aid of the powerful MALDITOF mass spectrometry and the availability of absolutely monodisperse
PBLG oligomer samples through solution phase peptide synthesis, we
could obtain molecular weight distribution information when different
initiators are applied. Our research showed that preparation of

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

100

monodisperse PBLG oligomers via NCA method is a rather challenging
task because of the complication of the mechanisms involved. While some
researchers claimed that that application of primary amines as initiators or
DMF as solvent could improve molecular weight distributions of PBLG, our
research demonstrated that the same is not true for PBLG oligomers.
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CHAPTER 4 EXPERIMENTAL SECTION

4.1 Materials and Methods
Unless indicated otherwise, all chemicals were obtained from
commercial suppliers and used without further purification.
Dichloromethane, triethylamine, and N, N-dimethylformamide were distilled
from calcium hydride, hexane and tetrahydrofuran from sodium.
NMR spectra were recorded on Bruker 250MHz instruments. FT/IR
spectra were recorded on a Perkin Elmer 1760X spectrometer. PDMS
mass spectra were measured on an Applied Biosystems Biolon 20 plasma
desorption mass spectrometer. MALDI-TOF mass spectra were recorded
on a HP G2025A MALDI-TOF mass spectrometer at Hewlett-Packard Co.,
and on a Perseptive Biosystem MALDI-TOF mass spectrometer at LSU.
The matrix compound was trans-indoleacrylic acid (lAA). HPLC
chromatograms were recorded with a C-4 reversed-phase column (300 A)
manufactured by Rainin Instrument Co.. The mobile phase was HzO/0.1%
TFA (A) and CH3 CN (80%)/ isopropanol (20%)/0.1% TFA (B) delivered by
the Rainin solvent delivery system.
4.2 Procedures
4.2.1 Synthesis of y-Benzyl-a,L-glutamate (1 ).
L-Glutamic acid (35.0 g, 238 mmol) was added to a mixture of
benzyl alcohol (130 g, 1.21 mol) and concentrated HCI (35 mL) while
101
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stirring. The suspension was heated slowly until a clear solution was
obtained, then heat was turned off and the solution was cooled to room
temperature. The ester was obtained in the form of white crystal by
precipitated in 2000 mL acetone and dried in vacuo (16.3 g, 26.0%).
4.2.2 Synthesis of Y>Benzyl-a,L-glutamate N-Carboxyanhydride (2).
y-Benzyl-a.L-glutamate (3.0 g, 11.4 mmol) was suspended in THF (50
mL). Heated to 50 °C, triphosgene (1.3 g. 3.8 mmol) was added and the
reaction mixture was purged with a small current of argon to carry away
any HCI being produced. After 2 hours the clear solution was precipitated
in dry hexane (500 mL) and refrigerated overnight. Recrystalization with
ethyl acetate and hexane afforded a white crystal (3.15 g, 87.4%). ’ H NMR
(CDCI3 ): 5 7.36 (m, 5H), 6.39 (s. 1H). 5.14 (s. 2H), 4.37 (t. 1H). 2.60 (t. 2H).
2.21 (m. 2H).
4.2.3 Synthesis of Oligo(y-benzyl-a,L*glutamate) (3).
A desired amount of initiator was added to a certain amount of BLGNCA dissolved in dry THF (approximately 10%). The reaction was kept dry
with a CaClz drying tube. Usually the reaction took several hours or more
to complete at room temperature. To isolate the peptide, the solution was
concentrated and precipitated in methanol. The polymer was then dried invacuo; yields range between 30-95% (see Table 2.1).
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4.2.4 Synthesis of Boc-Glu(Bzl)-OPac (4).
Boc-Glu(Bzl)-OH (14.0 g, 41.5 mmol) was dissolved in 90 mL DCM.
TEA 5.8 mL (4.21 g, 41.5 mmol) was added followed by the addition of
phenacylbromide (8.26 g, 41.5 mmol). The mixture stirred at room
temperature for 48 hours. The resulting mixture was dissolved in 400 mL
ethyl acetate and washed with water (2x) and saturated NaCI (2x). The
organic layer was dried over MgS04 and dried in-vacuo. The residue was
recrystallized from ethyl acetate and hexane for three times to afford 4
(16.8 g, 36.8 mmol, 88.5%), a white needle-like crystal, m.p.110-111°C,
NMR (CDCI3 ): 5 7.49-7.91 (m, 5H). 7.34 (s, 5H), 5.22-5.55 (q, 2H), 5.15 (s,
2H), 4.51 (m, 1H), 2.66-2.58 (t, 2H), 2.36-2.12 (m, 2H), 1.44 (s, 9H). FAB
Mass Spec. [M f = 456.0.
4.2.5 Synthesis of CF3C00H.H-Glu(Bz!)-0Pac (5).
BOC-Glu(Bzl)-OPac (16.8 g, 36.8 mmol) was dissolved in a chilled
mixture of TFA (70 mL) and DCM (30 mL) at 0°C. After stirring for 30
minutes the TFA was removed in vacuo and the residue was washed and
evaporated from MeOH for three times. The resulting yellow oil was
precipitated from 400 mL cold ethyl ether by vigorously shaking to yield a
white powder (16.3 g, 34.7 mmol, 94.3%), m.p. 94-95“C, FAB Mass Spec.
[M -TFAf =356.2.
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4.2.6 Synthesis of Boc-Glu(Bzl)-Glu(Bzl)-OPac (6).
CF3C00H.H-Glu(Bzl)-0Pac (15.1 g, 32.0 mmol) was dissolved In
150 mL DCM at 0“C, and neutralized with TEA (3.24 g, 32.0 mmol). A
solution of Boc-Glu(Bzl)-OH (10.8 g. 32.0 mmol) In 150 mL DCM was
added followed by the addition of solid HOST (4.32 g, 32.0 mmol). After
stirring for 5 minutes In an Ice bath, DCC (6.60 g, 32.0 mmol) In 30 mL was
added and the mixture was allowed to stir at 0“C for 2 hours and then at
room temperature for 48 hours. DCU was removed from the resulting
suspension through filtration aid and the filtrate was concentrated In vacuo.
The residue was dissolved In ethyl acetate and washed with 1N HCI (2x),
saturated NaHCOa (2x) and saturated NaCI (2x). The organic layer was
dried over MgSO^ and evaporated . The residue was purified by flash
chromatography on a silica gel column by using DCM (100%), DCM/EtOAc
(9.5;0.5), and DCM/EtOAc (1:1), sequentially. 13.6 g (63.0%) of dimer was
obtained by evaporation of the solvent. FAB Mass Spec. [M f =675.2.
4.2.7 Synthesis of Boc-Glu(Bzl)-Glu(Bzl)-OH (7).
Acetic acid (70 mL) was added to Boc-Glu(Bzl)-Glu(Bzl)-OPac (6.58 g,
9.75 mmol) and chilled at 10°C. Zinc powder (6.37 g, 97.5 mmol) was then
added and the reaction mixture was allowed to stir for 64 hours. Zinc was
removed by suction filtration and washed with 300 mL DCM. The organic
solution was washed with water (2x) and saturated NaCI, dried over
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Na2 S 0 4 .and evaporated to yield 7 (5.16 g, 9.26 mmol, 95%). FAB Mass
Spec: [M+Naf =579.2.
4.2.8 Synthesis of CF3 COOH.H-Glu(Bzl)-Glu(Bzl)-OPac (8).
Boc-Glu(Bzl)-Glu(Bzl)-OPac (8.00 g, 11.9 mmol) was dissolved in a chilled
mixture of TFA (42 mL) and DCM (18 mL) at 0 ®C. After stirring for 30
minutes the TFA was removed in vacuo and the residue was washed and
evaporated from MeOH for three times. The resulting light-yellow oil was
purified by flash chromatography on a silica gel column by using
EtOAc/hexane (2:1) and chloroform/MeOH (9:1), sequentially. 6.7 g
(83.3%) of 8 was obtained after evaporation of the solvent. FAB Mass
Spec. [M-TFAf =575.2.
4.2.9 Synthesis of Boc-Glu(Bzl)-Glu(Bzl)-Glu(Bzl)-Glu(Bzl)-OPac (9).
CF3 COOH.N2 H-Glu(Bzl)-Glu(Bzl)-OPac (5.78 g, 8.4 mmol) was dissolved in
100 mL DCM at 0®C, and neutralized with TEA (0.85 g, 8.4 mmol). A
solution of Boc-Glu(Bzl)-Glu(Bzl)-OH (4.70 g, 8.4 mmol) in 100 mL DCM
was added followed by the addition of solid HOBT (1.14 g, 8.4 mmol). After
stirring for 5 minutes in an ice bath, DCC (1.69 g, 8.4 mmol) in 10 mL was
added and the mixture was allowed to stir at 0 “C for 2 hours and then at
room temperature for 72 hours. DCU was removed from the resulting
suspension through filtration aid and the filtrate was concentrated in vacuo.
The residue was dissolved in ethyl acetate and washed with 1N HCI (2x),
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saturated NaHCOs (2x) and saturated NaCI (2x). The organic layer was
dried over MgS0

4

and evaporated . The residue was purified by flash

chromatography on silica gel by using DCM (100%), DCM/EtOAc (9:1), and
DCM/EtOAc (1:1), sequentially. Evaporation of the solvent yielded 9 (5.74
g, 63.0%). PDMS Mass Spec. (M+Naf =1134.6.
4.2.10 Synthesis of Boc-GJu(Bzl)>Glu(Bzl)-Glu(Bzl)-Glu(Bzi)-OH (10).
Acetic acid (90 mL) was added to Boc- Glu(Bzl)-Glu(Bzl)-Glu(Bzl)-Glu(Bzl)OPac (5.80 g, 5.2 mmol) and chilled at 10“C. Zinc powder (8.5 g, 130
mmol) was then added followed by water (10 mL). The reaction mixture
was allowed to stir for 24 hours. Zinc was removed by suction filtration and
washed with 200 mL DCM. The organic solution was washed with water
(2x) and saturated NaCI, dried over Na2 S0 4 . and evaporated to yield 10
(4.70 g, 90.6%). PDMS Mass Spec. [M +Naf =1017.8.
4.2.11 Synthesis of CF3C00H.H-Glu(Bzl)-Glu(Bzl)-Glu(Bzl)-Glu(Bzl)O P a c (ll).
Boc-Glu(Bzl)-Glu(Bzl) Glu(Bzl)-Glu(Bzl)-OPac (5.8 g, 5.2 mmol) was
dissolved in a chilled mixture of TFA (42 mL) and DCM (18 mL) at 0 “C.
After stirring for 30 minutes the TFA was removed in vacuo and the residue
was washed and evaporated from MeOH for three times. The yield of the
resulting light-yellow oil was 4.7 g (80.2%). PDMS Mass Spec. [M-TFA]*
=1013.4.
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4.2.12 Synthesis of Boc>[-Glu(Bzl)*]s-OPac (12).
CF3C00H.N2H-Glu(Bzl)-Glu(B2l)-Glu(B2l)-Glu(Bzl)-0Pac (2.40 g, 2.1
mmol) was dissolved in 30 mL DCM at 0®C, and neutralized with TEA (0.21
g, 2.1 mmol). A solution of Boc-Glu(Bzl)-Glu(Bzl) Glu(Bzl)-Glu(Bzl)-OH
(2.10 g, 2.1 mmol) in 30 mL DCM was added, followed by the addition of
solid HOAT (0.29 g, 2.1 mmol). After stirring for 5 minutes in an ice bath,
DCC (0.42 g, 2.1 mmol) in 10 mL was added and the mixture was allowed
to stir at 0 “C for 2 hours and then at room temperature for 48 hours. The
reaction mixture was chilled in ice bath for 45 minutes and filtered through
celite to remove DCU. The insoluble residue was washed with cold DCM
50 mL. After washing with IN HCI (2x), saturated NaHCOg (2x), and
saturated NaCI (2x), the organic solution was dried over MgS 0

4

and

evaporated . The residue was purified by flash chromatography on a silica
gel column by using chloroform/methanol (9:1). Evaporation of the solvent
yielded 12 (2.07 g, 49.5%). PDMS Mass Spec. [M+Naf =2011.2.
4.2.13 Synthesis of Boc-[-Glu(Bzl)-]8-OH (13).
Acetic acid (7.2 mL) was added to Boc-[- Glu(Bzl)-]8-0Pac (0.2 g,

0.1 mmol) and chilled at 10°C. Zinc powder (0.16 g, 2.5 mmol) was then
added followed by water (0.8 mL). The reaction mixture was allowed to stir
for 48 hours. Zinc was removed by suction filtration and washed with 75
mL DCM. The organic solution was washed with water (2x) and saturated
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NaCI, dried over NaaSO^and evaporated to yield 13 (0.18 g, 96.0%).
PDMS Mass Spec. [M +Naf =1893.5.
4.2.14 Synthesis of CF3 COOH.H-[-Glu(Bzl)-]8 -OPac (14).
Boc-[-Glu(Bzl)-]8-OPac (0.5 g, 0.25 mmol) was dissolved in a chilled TFA
(35 mL) at 0 “0. After stirring for 30 minutes the TFA was removed in
vacuo and the residue was washed and evaporated from MeOH for three
times. The yield of the resulting light-yellow oil was 0.5 g (99.0%). PDMS
Mass Spec. [M-TFAf =1892.9.
4.2.15 Synthesis of Boc-[-Glu(B2 l)-]i2 -OPac (15).
CF3 COOH.H2 N-[-Glu(B2 l)-]8 -OPac (0.81 g. 0.40 mmol) was
dissolved in a solvent mixture of DCM/DMF (1:1, 30 mL) at 0®C, and
neutralized with TEA (0.04 g, 0.40 mmol). A solution of Boc-[-Glu(Bzl)-]4OH (0.40 g, 0.40 mmol) in 30 mL DCM/DMF (1:1) was added followed by
the addition of solid HOAT (0.11 g, 0.80 mmol). After stirring for 5 minutes
in an ice bath, DCC (0.16 g, 0.80 mmol) in 5 mL was added and the mixture
was allowed to stir at 0 “C for 2 hours and then at room temperature for 48
hours. DCM (50 mL) was added to the reaction mixture. After washing
with IN HCI (2x), saturated NaHCOs (2x), and saturated NaCI (2 x ), the
organic solution was dried over MgSO^ and evaporated to afford 15
(0.33 g, 28.6%).
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4.2.16 Synthesis o f B0C-[-Glu(Bzl)-]i6-0Pac (16).
CF3 COOH.H2 N-[-Glu(Bzl)-]8 -OPac (0.18 g, 0.09 mmol) was
dissolved in a solvent mixture of DMF (5 mL) at 0 *’C, and neutralized with
TEA (9 mg, 0.09 mmol). A solution of Boc-[-Glu(Bzl)-]g-OH (0.17 g, 0.09
mmol) in DMF (5 mL) was added followed by the addition of solid HOAT
(24.5 mg, 0.18 mmol). After stirring for 5 minutes in an ice bath, DCC
(38 mg, 0.18 mmol) in 1 mL DMF was added and the mixture was allowed
to stir at 0 ®C for 2 hours and then at room temperature for 48 hours. DCM
(50 mL) was added to the reaction mixture. After washing with 1N HCI (2x),
saturated NaHCOs (2x), and saturated NaCI (2 x ), the organic solution was
dried over MgS0

4

and evaporated to afford 16 (0.085 g, 25.5%). MALDI-

TOF Mass Spec. [M+Naf =3762.3.
4.2.17 Hydrolysis o f Boc-[-Glu(Bzl)-]8*OPac (17).
Boc-[-Glu(Bzl)-]a-OPac (30 mg, 0.015 mmol) in 1.0 mL CDCI3 was
treated with excess trimethylsilyl iodide (51 uL, 0.36 mmol) with exclusion
of atmospheric moisture for 12 hours. The reaction was then quenched
with MeOH for 5 minutes, and the volatile components were evaporated in
vacuo. The residue was dissolved in a mixture of 2 ml of ether and 2 ml of
30% acetic acid. The aqueous layer was separated and extracted again
with ether (2 ml). Evaporation of aqueous phase afforded a yellow solid
(12.7 mg, 80.6%).
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4.2.18 Attempted Synthesis of 1, 3, 6, 8-Tetranitropyrene (18).
Method one “ : pyrene (15.0 g, 74.2 mmol) rapidly added to 50 mL
of concentrated nitric acid (d=1.49) with vigorously stirring and external
cooling. Asphalt-like material formed immediately, which can not dissolve
in organic solvent.
Method two

: pyrene (15.0 g, 74.2 mmol) was dissolved in 150 mL

nitrobenzene. Anhydrous nitric acid 50 mL was added slowly with the
reaction temperature controlled in a range of 90-100 °C. The solid
obtained from the cooled reaction mixture was recrystalized from
nitrobenzene twice to afford a light yellow powder which was a mixture of
pyrene and mononitrated product. GC-MS did not show the formation of 1,
3, 6, 8-tetraaminopyrene.
4.2.19 Attempted Synthesis of 3,4. 9 , 10-Peryienetetracarboxylic Acid
Tetra n-Butyl Ester (19).
Powdered KOH (1.2 g. 21.4 mmol) was added to a suspension of 3,
4, 9, 10-peryllenetetracarboxylic dianhydride (2.0 g, 5.1 mmol) in 50%
EtOH : HMPA (10 mL) with vigorous stirring until complete homogeneous
solution occurred. Then n-bromobutane (2 mL, 20.8 mmol) was added in
one portion. The mixture was stirred at 50 °C overnight and poured into
dilute HCI (1 N) and extracted with ether twice (75 mL x2). The combined
ether extracts were analyzed by GC-MS, and no tetraester was found.
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4.2.20 Synthesis of 4-fe/t-Butylcallx[4]arene-0, 0 ’, 0 ”,0 ’”-tetraacetic
Acid Tetraethyl Ester (20)
4-fe/f-ButylcaIlx[4Jarene (5.0 g, 7.7 mmol) was suspended in dry DMF (150
mL), and treated with NaH (0.77 g, 30.8 mmol). After stirring for 20 minutes
ethyl bromoacetate (4.3 mL, 38.5 mmol) was added and the reaction
mixture was refluxed at 80 °C with exclusion of moisture. After 4 hours the
reaction mixture was cooled and treated with second portion of base and
ester (50% of original amount, respectively) followed by refluxing. This
process was repeated until no phenolic OH was detected by UV
spectroscopy. After the completion of the reaction DMF was evaporated
under reduced pressure, and the residue was dissolved in DCM and
washed with water. The organic layer was dried over MgS04 and
evaporated. After dissolved in ethanol followed by standing at below 0 °C
for overnight, the solution deposited an off-white crystal (4.8 g, 4.8 mmol,
62.6%), m.p. 142-143 °C,

NMR (CDCb): Ô6.77(s, 8H), 4.88-4.82 (d. 4H).

4.81 (s, 8H), 4.23-4.19 (q, 8H), 3.22 (d, 4H), 1.32-1.25 (t, 12H), 1.07 (s,
39H).
4.2.21 Synthesis of 4-fert-Butylcalix[6]arene-0, 0 ',0 " ,0 " ',0 " " ,0 " " 'Hexaacetic Acid Hexaethyl Ester (21).
4-terf-Butylcalix[6]arene (3.2 g, 3.3 mmol) was suspended in dry DMF
(60 mL), and treated with NaH (0.47 g, 19.8 mmol). After stirring for 20
minutes ethyl bromoacetate (2.2 mL, 19.8 mmol) was added and the
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reaction mixture was refluxed at 80 °C with exclusion of moisture. After 4
hours the reaction mixture was cooled down and treated with second
portion of base and ester (50% of original amount, respectively) followed
by refluxing. This process was repeated until no phenolic OH was detected
by UV spectroscopy. After the completion of the reaction DMF was
evaporated under reduced pressure, and the residue was dissolved in
DCM and washed with water. The organic layer was dried over MgSO^ and
evaporated. After dissolving in ethanol followed by standing at below 0 °C
for overnight, the solution deposited an off-white crystal (1.9 g, 1.3 mmol,
39.4%), m.p. 265-267 °C, ’H NMRCCDCIa): S 6.95 (s, 12H), 3.90-4.80 (m,
36H), 1.28-1.20 (t, 18H), 0.96 (s, 54H), PDMS Mass Spec. [M+Naf
=1511.2.
4.2.22 Synthesis of 4-tert-Butylcalix[4]arene-0, 0 ’,0 ”,0 ’”-tetraacetic
Acid (22).
4-ferf-Butylcalix[4]arene-0, 0',0",0"'-tetraacetic acid tetraethyl
ester (1.0 g, 1.0 mmol) in THF (50 mL) was added to 10% aqueous
tétraméthylammonium hydroxide (50 mL) and refluxed for 24 hours. After
cooling, the reaction mixture was treated with concentrated HOI and stirred
overnight. Evaporation of all the solvent under reduced pressure afforded
crude product which was then washed thoroughly with water.
Recrystalization with ethanol and water yielded off-white crystal (0.6 g.
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0.68 mmol, 68.1%), 'H NMRCCDCb): S 6.90 (s, 8H). 4.90-3.20 (m, 16H),
1.11 (s, 36H), PDMS Mass Spec. [M +Naf =904.0.
4.2.23 Synthesis of 4-fert-Butylcalix[6}arene-0, 0 ',0 " ,0 " ',0 " " ,0 " '" Hexaacetic Acid (23)
4-ferf-Butylcallx[6]arene-0, 0 ’,0 ” ,0 ”’,0 ”” ,0 ” ” ’-hexaacetlc acid
hexaethyl ester (1.9 g, 1.3 mmol) in THF (50 mL) was added to 10%
aqueous tétraméthylammonium hydroxide (50 mL) and refluxed for 24
hours. After cooling down the reaction mixture was treated with
concentrated MCI and stir overnight. Evaporation of all the solvent under
reduced pressure afforded crude product which was then washed
thoroughly with water. Recrystalization with ethanol yielded off-white solid
(1.5 g. 1.1 mmol, 84.5%), ’ H NMR

( C D C I 3 ):

5 6.96 (s. 12H), 4.55-3.40 (m,

24H), 1.09 (s, 54H).
4.2.24 Synthesis of N-Hydroxysuccinimide Ester of 4-ferfButylcalix[4]arene-0, 0',0",0"'-tetraacetic Acid (24).
4-fert-Butylcalix[4]arene-0, 0',0",0"'-tetraacetic acid (1.5 g, 1.7
mmol) was added to a solution of N-hydroxysuccinimide (0.78 g, 6.8 mmol)
in dry ethyl acetate (10 mL). A solution of dicyclohexyl carbodiimide (1.4 g,
6.8 mmol) in dry ethyl (10 mL) was then added. The reaction mixture was
stirred overnight at room temperature. Dicyclohexylurea was removed and
the filtrate was concentrated in vacuo. The residue was washed
continuously with ethanol to yield white powder crystal (1.3 g, 1.0 mmol,
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58.8%), 'H NMR(CDCl3 ), 5 6.79 (s, 8H), 5.16 (s. 8H), 4.82-4.76 (d. 4H).
3.29-3.23 (d, 4H), 2.84 (s, 16H), 1.08 (s. 36H), PDMS Mass Spec. [M f
=1267.9.
4.2.25 Synthesis of N-Hydroxysuccinimide Ester of 4-fertButylcaJlx[6]arene-0, 0 ’,0 ”,0 ’”,0 ””,0 ’””-hexaacetic acid (25).
4-ferf-Butylcalix[6]arene-0, 0 ’.0 ” ,0 ” ’,0 ”” ,0 ’’’” -hexaacetic acid (0.13
g, 0.1 mmol) was added to a solution of N-hydroxysuccinimide (0.069 g, 0.6
mmol) in dry ethyl acetate (5 mL). A solution of dicyclohexyl carbodiimide
(0.12 g, 0.6 mmol) in dry ethyl (5 mL) was then added. The reaction
mixture was stirred overnight at room temperature. Dicyclohexylurea was
removed and the filtrate was concentrated in vacuo to yield crude product.
Recrystalization by ethanol yielded white crystal (0.13 g, 0.068 mmol,
68.0%), 'H NMR(CDCl3 ), S 6.95 (s, 12H), 5.07 (s, 12H), 4.69-4.61 (d, 6H),
3.56-3.49 (d, 6H), 2.81 (s, 24H), 1.06 (s, 54H).
4.2.26 Synthesis of N-4-fert-Butylcalix[4]arene-0, 0 ',0 " ,0 " 'tetraacetyl L-Alanine Ethyl Ester (26).
Route 1: A solution of N-hydroxysuccinimide ester of A-tertbutylcalix[4]arene-0, 0',0",0"'-tetraacetic acid (120 mg, 0.095 mmol) in
THF (2 mL) was added to a solution of L-alanine ethyl ester hydrochloride
(58.4 mg, 0.38 mmol) and sodium bicarbonate (64 mg, 0.76 mmol) in water
(5 ml). The reaction mixture was stirred overnight and then acidified with
1N HCI. The solvent was evaporated in vacuo, and the resulting residue

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

115
was washed with water to yield a white powder (20.6 mg, 0.016 mmol,
17.0%).
Route 2: L-Alanine ethyl ester hydrochloride (73.2 mg, 0.48 mmol)
was dissolved in 3 mL DMF, cooled to 0 °C, and neutralized with N, Ndiisopropylethylamine (178 uL, 1.02 mmol). A solution of 4-fe/tButylcalix[4]arene-0, 0 ’,0 ” ,0 ” ’-tetraacetic acid (0.10 g, 0.11 mmol) in 2 mL
DMF was added followed by the addition of solid HATU (0.22 g, 0.57
mmol).The reaction mixture was stirred overnight and then water was
added to precipitate the product. A white powder (76.6 mg, 0.060 mmol,
53.1%) was obtained after filtration and water washing. MALDI/MS:
[M +Naf = 1298.98.
4.2.27 Synthesis o f N-4-fe/t-Buty!ca!ix[4]arene-0, 0 ’,0 ” ,0 ” ’tetraacetyl L-Glu(Bzl)-Glu(Bzl)-Glu(Bzl)-Glu(Bzl)-OPac (27).
CF3C00H.H-Glu(Bzl)-Glu(Bzl)-Glu(Bzl)-Glu(Bzl)-0Pac (0.72 g, 0.64
mmol) was dissolved in 3 mL DMF, cooled to 0 °C, and neutralized with
DIEA (223 uL, 1.28 mmol). A solution of 4-terf-Butylcalix[4]arene-0,
0',0",0"'-tetraacetic acid (93.8 mg, 0.11 mmol) in 2 mL DMF was added
followed by the addition of solid HATU (0.24 g, 0.64 mmol).The reaction
mixture was stirred overnight and then water was added to precipitate the
product. A white powder (76.6 mg, 0.060 mmol, 53.1%) was obtained after
filtration and water washing. MALDI-TOF Mass Spec.: [M+Na*] =4875.02.
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The product was a mixture of Isomers as shown by the HPLC in Figure
3.13.
4.2.28 Synthesis of Star-shaped BLG-4-mer with Tris(2-aminoethyl)
Amine Centrai Unit (28).
B0G-Giu(Bzl)-Glu(Bzi)-Glu(B2l)-G!u(Bzl)-0H (0.28 g, 0.28 mmol) was
dissolved in 5 mL dry DMF. Tris(2-aminoethyl)amine (10.3 uL. 0.07 mmol)
was added to the DMF solution followed by TEA (39 uL, 0.28 mmol) and
HATU (0.11 g, 0.28 mmol). After stirring overnight, the reaction mixture
was concentrated under vacuo, and were subject to SEC purification.
FAB/MS: [M+Na*]=3095.7. The product was a mixture of isomers as shown
by the HPLC in Figure 3.16.
4.2.29 Synthesis of Star-shaped BLG-4-mer with Tris(2-aminoethyi)
Amine Centrai Unit (29).
Route 1: Boc-[-Glu(Bzl)-]8-OH (0.30 g, 0.16 mmol) was dissolved in
5 mL dry DMF. Tris(2-aminoethyl)amine (7.4 uL, 0.05 mmol) was added to
the DMF solution followed by DIEA (52 uL, 0.30 mmol) and HATU (114 mg,
0.30 mmol). After stirring overnight, the reaction mixture was concentrated
under vacuo, and was subject to SEC purification.
Route 2: Star-shaped BLG-4-mer 28 (0.178 g, 0.058 mmol) was
dissolved in 5 mL of TFA/DCM (70:30) at 0 °C and stirred for one hour.
The mixed solvent was removed in vacuo and the residue was evaporated
three times from MeOH (10 mL x3). The vacuum dried light-yellow oil (0.18
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g, 0.057 mmol) was then dissolved in 5 mL dry DMF, cooled to 0 °C and
neutralized with TEA (129 uL. 0.92 mmol). B0C-[-Glu(Bzl)-]4-0H (0.23g.
0.23 mmol) was added followed by HATU (0.18 g, 0.46 mmol), and the
reaction mixture was stirred overnight. DMF was evaporated in vacuo and
the reaction mixture was subject to SEC purification. MALDI/MS:
[M+Na+]=5713.4. The product was a mixture of isomers as shown in the
HPLC in Figure 3.19.
4.2.30 Attempted Synthesis of Star-shaped BLG-4-mer with 1, 3, 5benzentricarboxylic Acid Central Unit (30).
To a solution of 1, 3, 5-benzentricarboxylic acid (12.4 mg, 0.0592
mmol)in DMF (5 mL), TEA (41.2 uL, 0.296 mmol) was added under an
argon atmosphere followed by benzylchloroformate (42.2 uL, 0.296 mmol).
After stirring for 10 minutes, N-terminal deprotected BLG-4-mer (0.40 g,
0.355 mmol) mixed with TEA (49.5 uL, 0.355 mmol) in 5 mL DMF was
added and stirred 20 minutes on ice and 1 hour under room temperature.
The reaction mixture was poured onto 50 mL water, and the product was
extracted with ethyl acetate (25 mL x 2). After washing the organic extract
with 1N HCI (50 mL x 2), water (50 mL) and saturated NaCI solution (50
mL), the organic layer was dried over anhydrous MgS04, and concentrated
to afford a yellow oil. MALDI-TOF Mass Spec, did not show the formation
of three arm star-shaped molecule. It was observed from MALDI-TOF
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Mass Spec, that the major compounds in the reaction mixture were BLG-4mer and one-arm star.
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